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PREFACE. 



The object of the present little work is twofold. Starting with 
the assumption that the reader knows nothing except what an 
engine is and the A B C of mathematics and mechanics, it aims 
primarily at describing and explaining clearly a series of easy 
constructions for use in the drawing office. Many of these have 
been devised by the author for practical purposes, and almost all 
have been used by him in practice, so that he is sure of their 
utility. 

For those young mechanics who wisely or unwisely— usually 
the latter — aspire to a position in the drawing office, and to 
junior draughtsmen, it is intended to convey an idea of the sort 
of mathematical knowledge that is required in designing engines 
on correct principles. 

The second object is to show the intimate relation that must 
necessarily exist between the science of engineering and the 
exact principles of what is called *< theoretical " mechanics. 
The book has been written in the firm belief — derived from 
experience both in teaching and practical work — that the most 
necessary educational equipment of the engineer is a thorough 
knowledge of elementary scientific mechanics, for it enables the 
practical man to keep a clear head in thinking out problems 
which without it would confuse him hopelessly. If the student 
IX)ssesses this knowledge, he will meet with very little real 
difficulty in any practical book on any branch of engineering he 
may take up. If he does not — even if he substitutes for it what 
is called ** applied mechanics," a term usually given to the 
description of superficial phenomena which require " theoretical " 
mechanics for their full explanation — he will find many useful 
books full of confusing statements which he cannot understand. 
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But this real knowledge of scientific mechanics is not to be 
obtained by studying a mathematical treatment of the subject. 
An engineer's knowledge of mechanics is not the capability of 
skilfully juggling with x 8 and y s, but a clear conception of a 
series of exi>erimental facts, the exact relation of which to one 
another must be perfectly familiar. The mechanism of the 
steam engine forms a very complete series of illustrations of 
these principles, and this book is intended to make clear their 
application to practical work. It contains examples of almost 
every principle commonly found in books on elementary dynamics. 
Everything Is treated numerically. No principle, however correct, 
is of any use to an engineer which he cannot translate into figures 
when necessary. In explaining these applications, the author, 
while endeavouring to avoid undue prolixity, has not striven 
after extreme brevity, which latter feature seriously impairs the 
value to the student of such a large number of excellent books. 
The beginner cannot see to the inside of brief concise statements. 
He requires more or less full and informal explanation. 

A good deal of attention has been devoted to the subject of 
balancing. The author does not know of any work which treats 
this important and somewhat difficult subject in such a way 
that it can be understood by the elementary students for whom 
this book is intended. The object has been throughout that 
nothing should be found here which cannot be understood by 
anyone who will take the trouble to read it thoughtfully and 
consecutively. 

It has been, in places, somewhat difficult to steer a mean 
course between pedantic accuracy of expression and a dangerous 
laxity, such as is too common among engiaeers. In particular, 
as regards the words *' mass " and *< weight," though the author 
is convinced that it is better in the long run to assign to each 
its strict meaning, yet, in defereoce to the objection which so 
many engineers have to the word ''mass," it has not been used 
more than is absolutely necessary to the sense. No departure has 
been made from strict accuracy which could cause confusion. 



A. H. B. 



London^ 

May 13th, 1S07, 
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ADDENDUM AND ERRATA. 



Page 124, line 9, read : *' As described above, the axis of the 
engine being always kept horizontal. The engine as a whole 
has, in fact, a motion similar to that of the coupling rod of a 
locomotive, every line in it keeping always parallel to itself, and 
each point describing a circle whose radius is always equal and 
parallel to the crank radius.'* 

Page 37, footnote : For « A and B " read «< B and C '* through- 
out. 

Page 96, line 26 : For " 273 " read " 546." 



CHAPTER I. 

inteoductory. 

Size of Engine for Given Power. 

It is proposed in the following chapters to explain the 
principles of practical engine design by methods as free 
from mathematical complications as possible. Although 
there can be no doubt as to the value of a mathematical and 
scientific training to an engineer, yet the actual amount of 
knowledge of these subjects which is absolutely necessary 
even for a first-class designer is really very small. He 
should, of course, know enough to be able to thoroughly 
understand the reasons of all the rules he has to use, other- 
wise he can neither have full confidence nor know exactly 
when they may be applied. To this end he must be familiar, 
at least, with algebra as far as simple equations, the First 
Book of Euclid, enough of the elements of pure and applied 
mechanics to give him accurate idea of mass, velocity, 
acceleration, force, and work, composition and resolution of 
forces, couples, and bending moments, centrifugal force, and 
similar subjects. 

This book also assumes a general acquaintance with 
the construction of an ordinary steam engine. Of course, 
it is not to be assumed that merely with such knowledge 
as this any amount of reading can make a first-class 
draughtsman. The aim of a draughtsman is. to design, 
as rapidly as possible, a ^ good-looking and convenient 
machine, which can bo cheaply made without any sacrifice 
of efficiency-, and one in which the working parts can 
2d • • ' 
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be easily replaced when worn. Nothing bnt practical 
experience in the mannfactnre of machines and observation 
can enable him to do this, nor train his eye to recognise what 
are and what are not good proportions in the many parts of 
a machine whose dimensions cannot possibly be calculated. 
No attempt is therefore made in this work to do more 
than explain those parts of the design of engines which 
require the application of the principles of mechanical 
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science, and show in as simple a manner as possible how^ 
the necessary elementary knowledge may be practically 
applied. 

We shall commence by showing how the leading dimen- 
sions of an engine may be determined so as to give any^ 
required power. 

Suppose we require an engine, given the following con- 
ditions : Brake horse power, 12 ; non-condensing ; boiler 
pressure, 65 lb. per square inch above atmosphere = 80 lb. 
per square inch absolute ; revolutions, 150 per minute ; 
cut-off to be at half stroke. 
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Now, in order to make sure that the engine when made 
will give at least as mnch power as is required, the designer 
must be very careful to allow an ample margin all round 
for possible deficiencies. Nothing is more unsatisfactory to 
everybody concerned than to iind, after an engine has been 
built, that it is not quite up to its work, and to be compelled 
to alter the valves, &&, in order to increase the power. 
Nothing is gained by trying to cut things too fine. 

There are then several things to be assumed from practical 
experience. These are — 

i. Back pressure, 18 lb. per square inch absolute, suppose. 

ii Clearance, 10 per cent, suppose. 

iii. Mechanical efficiency, or ratio of brake power to 
indicated power, 75 per cent, suppose. 

It is clear that the work to be indicated per stroke is 

1^ X 33000 ^ 100 ^ ^^QQ foot-pounds. 
150 X 2 75 ^i^'^^^y^^ "»• 

First draw the required indicator diagram, fig. 1, thus : 
Take two lines O X, O Y at right angles. Make 

OA = ^ = lin., 

suppose, to represent, to some scale unknown, the volume of 
the clearance in cubic feet. A B then represents the volume 
swept out by the piston every stroke. Take A C to scale 
representing the absolute initial pressure in the cylinder 
per square foot. This should be about 8 per cent below the 
boiler pressure, to allow for wire-drawing, &c. The initial 
pressure is therefore about 75 x 144 = 10,800 lb. per square 
foot The scale may be 1 in. = 10 lb. per square inch = 
1,440 lb. per square foot. Take A D = the back pressure 
= 18 lb. per square inch = 2,600 lb. per square foot. Draw 
C F = admission volume of stroke = ^ A B, and through F. 
draw the hyperbola F G, with asymptotes O Y, O X, by the 
construction shown in the figure. This represents the 
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pressure of the steam at any point daring the expansion. 
Thus, when the volume of the steam (including clearance) 
is O L, the pressure will be L E. 

Now, it is clear that number of foot-pounds done in one 
stroke by steam under pressure — total mean pressure on 
piston in pounds x length of stroke in feet = mean pressure 
per square foot x number of square feet in piston area x 
length of stroke in feet = mean pressure per square foot x 
volume of steam in cubic feet, which is therefore repre- 
sented by the area of the figure C D E G F to some scale 
which we shall have to find (since any rectangular area = 
length X breadth). Suppose this area is found to be 46*9 
square inches, as measured by planimeter or otherwise. 
This area we know represents 1,760 foot-pounds. Hence 
area scale is 1 square inch 

= 1^ = 37-6 foot-pounds. 
46'9j 

If, then, the diagram were a square of 1 in. side, its area 
would represent 37*6 foot-pounds. 
Now, since 1 in. vertical represents 

1440 ({^•). 

let 1 in. horizontal represent x cubic feet ; we have then 
1440 (^) X X (ft. 3) = 37-6 foot-pounds. 

Hence x = ^^ - -0262. 

1440 

Hence lin. horizontal represents '0262 ft.^, whence whole 
volume of stroke = 10 in. = '262 cubic feet. 

This can be easily calculated without drawing a diagram, 
if we remember that the area of the hyperbola, pv «= 
constant between any two volumes v^ and 2^2) ^ 

p V loge -^ 
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where p v are any simultaneous values daring the expansion 
of the absolute pressure and volume. Thus, in the present 
case, the area of the figure F H B G is 

HF X OH X log. g^ 

Now let V be the total volume of the stroke of the piston in 
cubic feet — i.e., area in square feet x stroke in feet = AB. 
We have then — 

O A - ^ 

AH=^ 
2 



OB = 2; +."!.= 



11 V 



10 10 
Also area DABE = AD x AB = in this case 2,600 



lb. 



ft.2 
X V, since the back pressure is 2,600 lb. per square foot 

This is the work lost by back pressure every stroke. 
Now we have area 

CDEGF = CAHF + FHBG - DABE 

pv , Spy ^ Vo 



Now we havo given that — 

ft- 



lbs 
p = 75 lb. per square inch absolute = 10800 ^-^ (absolute 



pressures must always be used). 

Pib) - 18 lb. per square inch « 2600 ^ 

it. 

Hence area llv 

CDEGF = 5400v + 10800 x ^ x log M - 2600v 

5 

- V (5400 + 6480 log V - 2600) 
= V (2800 + 6480 x 0-61) 
= 6750 V, 
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which, as before, we know 

= 1760 foot-pounds, 

whence v = -i^ = 0*262 cubic feet, 

= 452 cubic inches. 

This volume we can divide as we please between the piston 
area and the stroke, bearing in mind that the mean speed 
of the piston should be not greater than 10 ft per second, 
unless in exceptional circumstances. That is to say, we can 
fix on — 

(i.) Any stroke we please, say 8 in., and find the corres- 
ponding value of the area of the piston, which will in this 
case be 

*P = 56-5. 

O 

Then, if d be the diameter of the cylinder, we have — 

^ (^2 = 56-5 
4 

d = ^^P"Zi 

= 8-5 in. 

(ii.) Or we can determine arbitrarily the diameter of the 
cylinder, say 10 in., and find what length of stroke will give 
the required volume. Thus, area of a 10 in. circle = 78*5. 
Then stroke 

78*5 

The mean piston velocity in feet per minute will clearly 
be in this case 150 x 2 x stroke in feet. This should not 
be greater than 600. 
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CHAPTER II. 

Valves, Ports, and Valve Diagrams, 

The area of the ports can be now determined so that the 
steam velocity through them is (if possible) not greater 
than 80 ft. per second. In large quick-ranning engines 
using high pressures this velocity is often greatly exceeded, 
owing to the necessity of keeping down the size of the 
ports. Excessive wire-drawing (or fall of pressure in the 
cylinder below boiler pressure) is always the result of a 
high steam velocity through the ports. 

We have — 
Steam volume per second — port area x 80 ft. per second = 

volume of cylinder x strokes per second. 
Hence in this case — 

port area = ^1 '^ = 0164 square feet. 

80 

This area must therefore be the product of length and 
width of port. 

In designing the valve and valve face, we have to work, as 
is usual in machine design, by the method of " trial and 
error " — that is to say, suppose we have to determine, as here, 
values for three or four variables which depend on one 
another, we have to fix arbitrarily one or two of them, and 
determine the others to suit. If it is found subsequently 
that for some reason these will not answer the purpose, we 
have to correct the design accordingly. Now, in this case 
we only know that — 

1. Length of port x width = '0164 square f eetj 

= 2*36 square inches. 

2. Cut-off takes place at half stroke. 

3. Compression takes place at three-quarter stroke. 

4. Ports are to be fully opened to steam and exhaust. 
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We have to design a valve to fulfil all these conditions. 
First, we iix arbitrarily length of port opening 3| in.» 

suppose; this gives a width of port of § in. The ratio ^°^, 

widtn 

is usually from 6 to 10. The width of the exhaust port 

must be such that when the valve is at the end of its travel 

the exhaust port is open by at least the width of the steam 

port. A width of 2 or 2*5 times the steam port is usually 

enough to secure this. Hence we provisionally fix the 

exhaust port width at If in. Any of these dimensions may 

have to be altered if we afterwards find them unsuitable. 

The width of the bar between the steam and exhaust ports 

must be great enough to enable it to withstand the steam 

pressure on it. The thickness of the metal is usually about 

the same as the thickness of the cylinder metal. The width 

of the actual working surface of the bar is usually about 

three-quarters of the width of steam port. Assume in this 

case width of bar = ^ in. The only remaining point about 

the cylinder face is that the edge must be in such a position 

that when the valve is in its extreme position its edge just 

overshoots the edge of the cylinder face on each side. Thus 

the cylinder face is completely determined. The lap of the 

valve will probably be about f in. The minimum half 

throw of the valve is then lap + width of port, and the 

maximum = lap + width of port + width of bar ; but it 

is i^sual to keep it very near the former, so we select 

1^ in., say, for the provisional half throw of the valve. 

We have then to consider how to make the valve so that 

it may (1) cut ofi at half stroke, and (2) close the exhaust 

port at, say, j stroke. For problems such as this the 

Zeuner valve diagram is often used. This, however, is 

not an accurate construction, however pretty it may be 

considered as a piece of geometry. To those who are well 

acquainted with harmonic motion it is easy to see that 

Zeuner's valve diagram is merely an ingenious method of 

setting out a radial curve of displacements in S H M. The 

construction for Meyer's gear is an application of the 
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principle that two SHM'b of equal period in t^e same 
direction when superposed produce a relative S H M. But 
engineers are not always as familiar with SHM's and 
relative motioos as they might be, and it follows that they 
use thU construction as a rule of thumb— aometimes with 
not very happy reaults, as the valvea of many engines show. 
We shall not explain it here, as it is too mathematical in 
character. If it be already known, it is very useful as a 
first approximation to give the approximate angle of 
advance and lap of valve we require. It may be found in 
any book on the steam engine. These values will have to 




be farther corrected by trying over the valves found by 
means of the diagram which will now be explained. 

We shall first explain the construction for a single valve, 
and afterwards the construction for two valves. Draw the 
line of centres, fig. 2, a circle representing to as large a 
scale as possible the path of the crank pin, and another 
representing to the same scale the path of the centre of the 
eccentric sheave. In some cases where the stroke of the 
piston ia comparatively large and the stroke of the valve 
small, it may be desirable to draw the latter circle to a larger 
scale than the former. In this case everything connected 
with the valve, snch as the eccentric rod, must be drawn to 
the valve scale, and all the measurements except those of 
piston position must be measnred by this scale. This should 
not be used nntil the method is thoroughly understood, as it 
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is apt to canse confusion. A construction will be presently 
explained, whereby these valve ellipses, even for very large 
engines, may be drawn full size on an ordinary sheet of 
paper. 

Divide the crank circle into a large number — say 32 — of 
equal parts, starting from dead centres. Number them to 
31 (only a few points are shown in fig. 2, to avoid confusion). 
Set out the assumed angle of advance (11 A) where A 
is the centre of the shaft ; will then be the position 
of the centre of the eccentric when the crank pin is 
at 0. Divide the eccentric circle into the same number 
of parts as the crank circle, starting at 0, and number 
them corresponding to the numbers on the crank circle. 
Thus the eccentric centre is at 3 when the crank is at 
3, and so on. (This separate division of the circles may be 
avoided by setting off the angle of advance at 9 C L, and 
marking valve positions on AL produced.) Set a pair of 
trammels (or mark a piece of paper) to the scale length of 
the connecting rod, and placing the point on each of the 
crank points 0, 1, 2, 3 in turn, mark off on the line of 
centres the corresponding position of the crosshead pin 
at O, I., II., III., &a, and erect ordinates at these points. 
Mark off at . C the central position of the piston. It 
is thus clear that when the crank is at 4, for instance, 
the piston is at a distance C — I Y from the centre of its 
stroke. Now set the trammels to the scale length of the 
•eccentric rod, and proceed on the eccentric circle as before, 
marking and numbering the positions of the eccentric rod 
pin on the line of centres. Mark c as before, for the central 
position of the valve. Now mark off, with dividers, at O (o), 
the distance by which the valve is in front of its central 
position when the crank pin is at near dead centre — i.e., 
<! (o). Similarly, make I. (i.) = c (i.), II. (ii.) = c (ii.), and 
€0 on for all the other points, measuring below the line of 
centres for distances to the left of c. Draw a curve accurately 
through these points so obtained. This curve shows 
accurately at a glance, and independently of mathematics, 
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the varying position of the valve corresponding to all 
positions of the piston — e,g,, when the piston is at Y., the 
valve is at a distance V. (v.) from the centre of its travel 

We can now easily determine the lap of the valve to cut- 
off at any point of the stroke and the corresponding lead. 
Imagine the valve in its central position, as in fig. 3. It is 
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clear that the length A B is the lap, so that when the valve 
is moved a distance A B in either direction, one or the 
other port will be just closed, and no mora Cat-off, then, 
will take place when the valve is at a distance = A B from 
its central position. Conversely, if we desire cut-off to take 
place when the piston is at, say, { stroke, we must make the 
lap equal to the distance which the valve is from its central 
i)Osition at that time — that is to say, the lap is S R, fig. 2, 




PRA07ICAL ElfQINEER 



Fro. 4. 

and the amount of opening of the port is at any point the 
vertical distance of the lin^ T E from the curve. The lead 
is then T (o). Precisely the same construction holds for the 
other side of the piston, and also for inside lap for any 
desired compression. The lap will be different on the two 
sides of the valva The reason of this is that, owing to the 
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efiect of obliquity of the connecting rod, the crank has not 
turned so far daring the forward stroke when the piston 
has described three-qnarters of its travel as it has for the 
same fraction of the travel on its return stroka Thus, when 
the crank pin is at P, fig. 4, the piston is at a distance A N 
from the left end of its stroke ; while for a diametrically 
opposite position Cj, B M represent.s the distance travelled 
by the piston from the right end ; and B M is clearly less 
than A N. The obliquity of the valve rod is much less than 
that of the piston rod. The position of the valve, therefore, 
is not affected so much by obliquity as that of the piston. 
This is briefly the cause of the difference. Care must be 
taken with the inside lap C D, fig. 3. If the valve is moved 
to the left by a distance C D, the left port will be just closed 
to exhaust ; therefore, make the inside lap on the left = the 
distance (positive or negative) by which the valve is on the 
left of its central position when the piston is at the point 
where compression is to commence, and make the inside lap 
on the right = the distance by which the valve is on the 
right of its central position when compression on the right- 
hand side is to commence. 

The method of drawing the diagram full size is as follows : 
Draw two concentric circles, as before, to represent the 
paths of the centre of the crank pin and the centre of 
the eccentric sheave full size, and mark them out as before 
into numbered corresponding positions of these centres. 

Suppose Q, in fig. 4 (a), is the position of the eccentric 
sheave centre, corresponding to position P of the crank pin. 
Now, if we describe two circular arcs P M, Q N, with centres 
which are the corresponding positions of the crosshead pin 
and eccentric pin respectively, cutting the line of centres in 
M and N, it is clear that the position of M between A 
and B is the same as the position of the piston in its 
stroke, while the position of N between C and D is that 
of the valve. If, then, we can draw these arcs without 
having resource to the centres p and g, it is clear that we 
can find the displacements of piston and valve, or at least 
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the latter, fnll size on an ordinary sheet of paper. These 
arcs may be drawn by means of templates of cardboard 
shaped as shown shaded in the figure, and used on a T square 
as an ordinary set-square is used. A central horizontal line 
mast be drawn on each, which most be placed in position 
on the line of centres. The line AB (which may be on a 
smaller scale than CD if the template is also cut to a 
proportionately smaller radius) must be used as the base on 
which valve positions are to be plotted 

For Meyer's valve gear the construction is precisely the 
same as for a single valve Bnt we now get two elhptic 
figures as curves of valve position, one for each eccentric, 
and it is by the intersection of these that we determine the 
time of cat-off, etc. The most common practice in engines 
with valves of this type is to put the expansion eccentric 
exactly opposite the crank (It is placed forward of this 







position if a very early cut-off is desired, and behind it for a 
late one.) In this case the curve of position of the expansion 
merges into one line, as will be found by trial. The reason 
for this can be easily seen by anyone who thoughtfully 
examines the method of drawing the carve. As all prob- 
lems of relative motion are somewhat confuBing, some care 
will be necessary. 



^ 
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At fig. 5 will be seen a pair of carves which have been 
obtained in the way explained above. Let ns examine 
carefully the meaning of each one. Curve A B shows the 
distance of the main valve from its central position corres- 
ponding to every point in the stroke. Let the reader 
dismiss from his mind every other part of the valve except 
the catting-off edge R on one side, say the left-hand side. 
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Now, curve A B represents the distance which the left-hand 
cutting-off edge of the valve is from its ovm central position 
at any point of the stroke. 

Now consider the curve C D. This represents the distance 
which the cutting-ofF edge S of the expansion valve is from 
its own central position at any point of the stroke. Now, it 
is clear that at the point K, where the two curves intersect, 
each valve has been moved the same distance to the right, 
and therefore the cutting-off edges are exactly as far apart 
as they are when both valves are placed centrally, as in (a) 
(6), (c), fig. 5. 

(a) If, for instance, the distance S U is = R T, as in (a), 
then at a point of the stroke corresponding to K cut-off will 
take place, because the cutting-off edges are then together, 
for it is clear that moving both valves the same distance in 
either direction will not alter their relative positions. It is 
thus clear that in case (a) the vertical distance between 
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curve A B and C D represents the distance apart of the 
cutting-off edges S and R at any point of the stroke, S being 
to the right of R when curve C D is above curve A B, and 
on the left when C D is below A B. Thus, on the return 
stroke, when, say, a quarter stroke has been described, the 
piston is at E and moving towards the left. Here F in 
curve C D is above G on curve A B, and hence S is on the 
right of R by a distance F G, and so on. 

Now dismiss S and R from the mind completely, and 
consider solely edges T and U in case (a). It is clear that 
they will come into operation on the return stroke only, 
and, since the valves are together at H, it is at this point 
on the return stroke that cut-off takes place. Precisely 
similar reasoning holds for T and U as is given above for 
R and S — ^that is, the vertical distance between the two 
curves gives the distance apart of edges T and U, U being 
on the left of T when C D is below A B, and vice versa, 

(b) Now let us turn to case (6)— t.e., when S U > R T, or 
when the expansion valve in its central position overlaps 
the main valve ports. Cut-off will now take place on the 
left-hand side, when the expansion valve is moved toward 
the right of the main valve by a distance S R — that is to 
say, when the difference between the displacements of the 
main valve and of the expansion valve is = S R. The 
distance apart of S and R will be the same as in case (a), 
except that in effect a piece RS has been tacked on the 
valve arranged as at (a), which, of course, diminishes the 
distance apart of the edges when S is on the right of R^ 
and increases it when S is on the left of R. 

Now, we have seen that in case (a) M N gives the distance 
apart of the edges when the piston is at L ; hence, if we 
make N P = R S (6), we see that the distance between the 
edges is given at MP. Similarly, if we draw a curve 
(dotted) which at all its points is a distance R S (b) vertically 
below curve CD, then the vertical distance between this 
dotted curve and curve A B will, as before, give the distance 
apart of the cutting-off edges with the same distinction 
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between left and right as given above. Hence we see that 
cut-off must take place at Q instead of, as before, at K. 

(c) Now consider case (c). It is evident that when cut-off 
takes place on the left-hand side, in this case the expansion 
valve must, relatively to the main valve, be moved towards the 
ie/t by a distance S E, and that the distance between the 
cutting-off edge will be the same as in case (a) + distance 
E S when the edge of the expansion valve is on the right, 
and — E S when it is on the left. Hence, exactly as before, 
if we draw in a curve X Y, which at all its points is vertically 
above the curve C D by a distance E S (c), then the vertical 
distance between this curve and A B at any point of the stroke 
gives the distance between the cutting-off edges ; thus, when 
the piston is at L, the distance apart of the cutting-off edges 
is M X. This makes it very clear how increasing the distance 
between S and U of the expansion valve alters the cut-off. 
Just as in the case of a single valve, we may call the distance 
ES the "lap" of the expansion valve. In case (c) the lap 
is negative, and we may very easily determine the lap 
required for any given cut-off by measuring the distance 
by which the expansion valve curve is at that point above 
the main valve curve. That this lap ought to be very different 
on the two sides of the valve is obvious from the diagram. 
The determination of the lap on the right-hand side is 
exactly the same as on the left. If any difficulty be 
experienced in determining whether the lap on the right 
side is positive or negative, just turn the diagram upside 
down, and it will be exactly similar to the other side. 
Another point which this diagram enables us to check with 
great ease is that the inside edges of the expansion valve, 
such as V, be not allowed to overshoot the edges, such as W 
of the main valve port. In that case steam would be re- 
admitted over the back of the valve, and the indicator card 
would then have the shape of fig. 6, which is very bad 
indeed, because it not only destroys all the economy of 
expansive working, but throws away a very large part of 
the work which might be got from non-expansive working. 
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It is clear that, in order to prevent this, the distance 
between W and V, when the valves are both in their central 
positions, most be greater than the greatest possible 
distance apart of the centres of the two valves ; or, in other 
words, the width S V of the expansion valve must be greater 
than (the greatest distance by which S ever overlaps B + 
width of port)— !.«., S V > S E (max) + K W. 

This distance between S and R is greatest at the point 
where the corves A B and C D are parallel, as they are (for the 
left-hand ports) at Z z^ and (for the right-hand ports) at L P. 

If the expansion is to be variable, the greatest danger 
of re-admission occurs when the expansion valve is set for 
earliest cut-off. If this point be tried over in the way 




here explained, and found right for the earliest cut-off 
possible, the valve will be quite safe for all other points. 
Engines should be so designed that it is mechanically 
impossible for this re-admission to occur. It should never 
be left to the discretion of the engine attendant not to over 
wind the expansion wheel, but it should be put out of his 
power. It is safe to assume, that if there is any possible 
way for the engine attendant to work an engine wrongly, 
he will discover that method and use it as much as 
possible. 

Note. — In the case of a variable cut-off the expansion 
eccentric should be so set that it is vertical at that point of 
the stroke where cut-off is usually to take place. This gives 
the most rapid cut-off possible at that point. The larger the 
stroke of the expansion eccentric the more rapid the cut-off. 
3d 
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Stephenson's Link Motion. 

A modification of the same method is very useful in 
designing valve gears of other types, of which a very large 
number have been invented. When once the method has 
been understood, the application to any gear whatever is 
quite easy. In illustration we shall apply the method to 
Stephenson's link motion and Joy's valve gear. 

The first of these consists of two eccentrics whose centres 
are A and B, fig. 7, and two eccentric rods A C and B D con- 
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nected by a link, whose centre line is C D, in which slides a 
block at E, which is connected with the valve rod EF. 
One of the eccentrics is set so as to drive the engine in one 
direction and the oth|fr in the other, as shown. The valve 
can be put under control of either of the eccentrics by means 
of a lever which actuates the bell crank F, and so raises or 
lowers the pair of rods AC, B D, that either one or the 
other has most influence in actuating the valve. The most 
common method of suspension is that indicated in fig. 7, 
where the swinging rod LD is attached to D. If other 
methods of suspension are used, the diagram must be modified 
accordingly, as will be presently explained. Consider one 
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position of the point L, as shown. It is clear that for 
this position of L the point D describes a circle D M, with 
L as centre. Mark the crank circle out as in fig.. 2, also the 
eccentric circle or circles, numbering them in the same way 
as before, so that 1 on one circle corresponds to 1 on the 
others, and so on. Obtain a set of ordinates corresponding 
to the positions 0, 1., II., III., &c., of the crosshead pin, as 
before. N'ow set the trammels to the scale length of the 
eccentric rod B D, and mark off on the circle D M, the 
positions of the pin D corresponding to the various positions 
of the crank pin. Find and number the corresponding 
positions of the point C by the intersections of two circles, 
one with D as centre, and the length of the link centre to 
centre D C, as radius, and the other with A as centre and 
A the length of the eccentric rod as radius. Now make 
a template of cardboard representing the centre line of the 
link C D to scale. The shape of this link will be presently 
discussed. Assume for the present that it is a circular arc 
of given radius ; place this template so thatJute edge passes 
through C and D in each of their corresponding positions, 
and mark off and number on the line of centres at E the 
point where the template in each of these positions cuts the 
line of centres. The motion of this point gives the exact 
motion of the valve, which can be plotted as before on a 
base representing the position of the piston, and a curve of 
valve position drawn through the points. This curve is, of 
course, treated in exactly the same way as the curve in 
fig. 2. Several of these curves have been obtained in fig. 8, 
to show the effect of gradually raising the link. It will 
be seen that when the glut or die sliding in the link is 
opposite the end of the eccentric rod the valve curve is 
practically the same as in the case of a single eccentria 
Raising the link causes the valve ellipse to become 
narrower — in other words, causes the throw of the valve to 
diminish, thereby both diminishing the lead and causing 
the valve to cut off earlier, as is seen in fig. 8, where cut-off, 
in curve 1 occurs at L, whereas in curve 2 it occurs at M, <fec. 
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On continuing to raise the link, it will be seen that the 
ellipse merges into a line, as is almost the case in curve 3. 
When this is the case, it is clear that if the laps of the valve 
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be small 'enough the engine will run at very small power in 
either direction indifferently. If, however, the laps be too- 
great for this to happen, then steam and exhaust will both 
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be entirely cut off from both sides of the piston* The 
minimum value for the laps, in order that this may be the 
case, will be the maximum height of the curve, for it is 
clear that the lap lines must both be entirely above or 
below the curve. On continuing to raise the link, the 
ellipse again opens out, but is described in the reverse 
direction, as shown by the arrows. This shows that if the 
engine were to start running in the same direction as before 
(as it will do, owing to the lead, if the crank is dightly 
above dead centre), the motion of the valve will immediately 
cause this direction to be reversed by admitting steam to 
meet the advancing piston, and exhausting the steam which 
is driving the piston. In fact, the engine must go round in 
the same direction as the ellipse is described, when the 
points on the circle are taken in clockwise order. 

The objects to be aimed at in design are : (1) To secure 
that, wherever the link may be, the valves move equally on 
each side of the ports.''^ Of course, in order that the die 
may fit the link at all points without any '* slack," it is 
necessary that the form of both cheeks of the slot must be 
portions of concentric cylindrical surfaces, and the die must 
be fitted to the same radius. It remains to determine the 
radius which will secure that the valve is kept central. 
This is found to be nearly the length, centre to centre, of 
the valve rod, or more nearly the distance from the pin 
where the centre lines of the eccentric rods cut one another, 
when the crank is on the dead centres. The best length is 
somewhere between the two, which can only be found by 
trial. When the engine has to run equally in both direc* 
tions, the two eccentrics must be placed symmetrically, or 
nearly so ; but when almost all the running is to take place 
in one direction, it is sometimes thought desirable to keep 
the lead constant for this direction, while the lead for the 
other direction varies a good deaL This may be secured by 
slightly shifting one eccentric forward. 

* In some cases it is found in practice that an engine runs better if this 
condition is not exactly fulfilled— e.fir., in vertical enfipines and locomotives. 
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(2) The next point to be considered is that the slip of the 
die in the link must be diminished as far as possible. If the 
die slips about much in the link, a great increase of friction 
and wear of the die and link is the result Designers differ 
as to the best way of avoiding slip. Some maintain that 
the link should be suspended from its centre while the 
suspending rod is as long as possible ; others maintain that 
it should be suspended as in £g. 7, by which means a longer 
suspending link is obtained. This is the usual practice in 
locomotive design, where the proximity of the boiler 
prevents the use of a very long link. In some cases the 
curvature of the path of the point D, fig. 7, may be utilised 
to diminish slip. This can often be effected for one position 
of the link at the expense of greater slip for other positions. 
In any case the slip curve should always be obtained for 
several positions of the link in the following way. Cut 
a piece of millboard (fig. 10, shaded edge) to a radius equal 
to that of the centre line of the link to scale, marking 
the position of the centres of the pins Ei, E2, and place 
this on the diagram in all the positions which the link 
assumes in one revolution, as in the construction explained 
at fig. 7, where CD would represent the position of the 
shaded circular edge of the millboard at dead centres. 
Mark off and number at E on the millboard template the 
point where the line of centres cuts the edge of the 
template. Do this for all the positions of the eccentrics in 
one revolution, and the amount of slip on the die from its 
central position will be seen by bisecting the distance 
between the extreme marks on the template. These 
distances can be plotted on a base of piston positions if 
desired, and the ingenuity of the designer must be brought 
into play to reduce the slip as much as possible at those 
parts of the link which have to be most used. 

A method of designing link motions so as to secure a 
minimum of slip for one position of the block in the link is 
as follows : Make a template, fig. 10, to represent the centre 
line of the proposed link to scale. Mark on this template 
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points Bi, R2) representing the centre of the pins by which 
the rods are attached to the link ; also mark on the edge 
representing the centre line of the link the desired position 
P of the die in the link ; also mark on the template several 
points Q, Q, &a, from among which the position of the 
.suspending link pin is to be selected. Next place the 
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Fig. 11. 
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template on the drawing in such a position that the point 
P is on the line of centres, and the points Ri, R2 are on 
their respective circles struck with radius equal to the 
length of the eccentric rods, and from centres which are the 
corresponding positions 11, 2 2, &a, of the eccentrics. 
When the template is in position mark on the paper the 
positions assumed by all the points Q, and label them so 
that they may be recognised. Do this for all successive 
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positions of the eccentrics, and then draw curves represent- 
ing the paths of the points Q. That position of Q should 
be selected for the position of the suspending pin which 
most nearly describes an arc of a circle, and the centre of 
this arc should be the suspending point. 

If the eccentric rods are " crossed " — i,e.^ if the eccentric A, 
fig. 7, is made to drive D, and B to drive C — the effect is to 
increase the lead as the link is raised. The diagram is 
drawn exactly as before. 

As many engines are made with the link suspended from 
the middle, it may be desirable to explain a convenient 
method of working out the diagram in this ca^e, as it is 
more difficult than in the case explained above. 

The shape of the link is usually as shown at fig. 9, A being 
the hole for the pin by which it is attached to the swinging 
link, and B and C the points of attachment to the ends of 
the eccentric rods. 

It is very desirable (as already pointed out) to increase 
the scale of the drawing as far as practicable for the sake of 
accuracy, and a method of drawing this diagram full size 
without any undue expanse of paper being required is very 
useful It is clear that if we can dispense with the centres 
of the crank shaft and actual eccentrics, there will be no 
difficulty in drawing any ordinary gear full size on an 
ordinary sheet of paper. 

Let it be required to find the motion of the mechanism 
shown in fig. 12, where B D A E is a skeleton drawing of 
fig. 9, D E being the centre line of the slot. Now, it is 
required to find the point H where the centre line D E 
cuts the line of centres Y O corresponding to the positions 
FG of the eccentrics on a full-size diagram. Cut out a 
template of the shape of fig. 10 to represent full size of the 
link where the points ABC (fig. 12) are the centres of the pins. 
This full-size template must be placed on the drawing in 
the positions successively assumed by the actual link in one 
complete revolution, and this without the assistance of the 
actual centres of the eccentrics. A, it is clear, must, when 
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in position, lie on an arc with L, fig. 12, as centre, B on an 
arc with F as centre, and on an arc with G as centre, and 
the difficulty is to describe the arcs through B and C with- 
out the use of the centres F G. This is overcome as follows : 
Make a template of the shape of fig. 11 where MN is a 
circular arc whose radius =» FB, and MP part of a radius. 
Make OOi, fig. 12, = FB, and describe a circle Fi Gi 
equal to FG. It is clear that F must be a point on the 
required arc through B, f or F Fi = O Oi = F B ; hence we 
can use the template MNP as a set square is used, and 
draw off along M N the arc required, as at Fx B, fig. 12. 
Hence we see that we do not now require the centres F G, 
for we can draw any arc we require without them, and 
the template B AC can be easily adjusted as required, and 
the point H determined and marked on the paper. Thus 
the displacements of the valve are determined full size. 
All the constructions previously described can by this 
method be made full size. 

The curves in fig. 13 have been obtained, as explained above, 
from a well-designed link motion to show how the cut-off, 
lead, travel, and slip vary for different mean positions of 
the die in the link. The length of the link is 18 in. The 
rods are crossed. The lap of valve is 1 in., and radius of 
eccentric 3| in. The scales to which the curves are plotted 
are also appended. It will be seen that all the curves are 
regular, with the exception of the slip curve^ which is of a 
wavy shape. It will also be seen from the curves that the 
point of cut-off varies more rapidly near the centre of 
the link for a small motion of the link than near the ends ; 
also that the lead increases as the link is raised, and that 
the slip is greatest near the ends of the link, diminishing 
to nothing near the centre. These curves give a very 
comprehensive notion of the action of this form of link 
gear. 
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Joy's Valve Gear. 
Joy's valve gear is one of the many methods of driving 
the valve without having an eccentric on the shaft. It is 
shown in outline in fig. 14. C R is the connecting rod, P 




Mean Position of Die in Link. 
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is a fixed point, P Q a radius rod, Q L a rod connected to a 
point on the connecting rod, M is a point on rod Q L, M D 
a rod attached to this point, D is a die sliding in a circular 
slot A B, E is the point of attachment of the valve rod. 
As the connecting rod works, point E describes the elliptic 
figure shown. These figures may be found by straight- 
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forward constructions, as follows : Mark in successive 
positions of the connecting rod, and find point L on each 
of them. Cut the circle through Q with a circular arc of 
radius — L Q. Draw in the successive positions of this rod, 
and find point M on each of them. Cut A B with arc of 
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radius = M D, and draw in successive positions of this rod, 
and find point E on each of them. Then cut the line of 
centres Y H by an arc of radius = rod E H. This gives the 
motion of a point H connected with the valve, from which 
the motion of the valve may be found. The valve position 
curve will be an ellipse, which must be treated as befora 
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Dimensions op Details. 

Gbaphical methods can sometimes be employed to simplify 
the calculations necessary to determine the dimensions of 
other parts of simple engines than those already mentioned* 
Where the calculations are very simple, it is much quicker 
to adopt arithmetical methods, especially when a slide 
rule is used. A combination of the two in the more complex 
cases is easier and more rapid than either separately. The 
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use of very high pressure steam, which is now becoming so 
common, often makes it difficult or impossible to adopt such 
low values for stresses, pressures, &a, as are usually found 
in text-books. Considerations of appearance and economy 
enter so largely into design, that a draughtsman often has 
not as free a hand in determining dimensions as he might 
wish. There is no doubt that stresses in materials and 
pressures on bearings are regularly used, and with results 
perfectly satisfactory in every way, which are largely in 
excess of text-book values. For instance, a designer of very 
wide experience in marine-engine work, publicly stated 
not long ago that in calculating diameters of crank shafts, 
he found it sufficient to neglect entirely the bending 
moment on the shaf t, while allowing the same stress in the 
material as is ordinarily allowed for this part. The effect 
of bending moment and twisting moment combined is 
always much larger than, and is often double of, that due to 
twisting alone, whence it appears that stresses of double 
the text-book values are sometimes used with good results. 
Though this appears a somewhat extreme instance, there is 
no doubt that if one could be sure that all materials were 
perfectly sound and free from flaws, very much higher 
values than are now used might be safely allowed in 
designing. Experience is, of course, the only reliable 
guide in determining how far it is safe to exceed ordinary 
values, when these are inconveniently smalL It may, 
however, be stated generally that as low values should 
always be allowed for stresses and pressures as are con- 
sistent with economy and a good appearance. Large wearing 
surfaces tend to long life of the engine and low cost of 
repairs. 

The following calculations and constructions show how to 
obtain the principal dimensions of an engine rapidly and 
easily, assuming ordinary high values for stresses and 
pressures. Given diameter of cylinder and length of stroke, 
determined as in article I., and length of connecting rod. 
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Size op Piston Rod. 

Find area of piston in square inches (D^ x '7854X 
Multiply by the boiler pressure in pounds per square inch^ 
This gives total pressure on the piston. The diameter of 
screw at the back of the piston should be 



/ Total force on piston in pounds 
^/ 3400 

This allows a stress of 6,0001b. per square inch at the 
bottom of the thread. 
Diameter of piston rod should be not less than 



/ Total force on piston 
J 2800 

which allows a stress of 3,5001b. per square inch, a value 
which is found sufficient to allow for undeterminable 
strains, such as bending in the cylinder, due to presence of 
water, and bending due to the slide bar being slightly out 
of line. 

Abea of Beabinos. 
To obtain area of crank pin {ix^ length x diameter), set 
off the total force on the piston as at A B, iig. 16, to a scale 
of 5001b. to 1 scale division. These divisions may be 1 in.» 
i in., 1 centimetre, or any other convenient size. 
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Draw a perpendicular A frona A. Make the angle ABO 
equal to the maximum inclination of the connecting rod. 
Then the area of the crank pin should be not less than the 
number of scale divisions in B C. This allows a pressure on 
the bearing of 500 lb. per square inch. A larger area than 
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this is very desirable if it can be obtained. Twice as much, 
or even more, is not too large, and can often be easily obtained 
with low pressures, though some authorities allow as much 
as 1,0001b. The area of the crosshead pin should be not 
less than | BO. The diameter of this pin is treated of 
later on. The area of the slipper should be not less than 
4 X A C, measured by the assumed scale. 



DXAMETEB OF CrANK ShAFT. 

To obtain the diameter of the crank shaft we must know 
the bending moment on it and the twisting moment. To 
obtain the former, calculate the probable position of the 
<;entres of the bearings (which should be as close to the 
orank pin as possible). After the crank shaft has been 
provisionally designed, it may be necessary to correct the 
construction if the position of the centres of the bearings is 
very different from this estimate. Set out these positions 
as at PQB, fig. 17, to any scale where P and B are the 
bearings, and Q the line of stroka Find the value of B 0, 
£g 16, in tons. This is the force at Q. Multiply this force in 
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tons by the real length of P Q in inches, and set off the value 
so found to any convenient scale along P S. Join S R, cutting 
Q produced in T. Then Q T to scale represents the bending 
moment at Q in ton-inches. The vertical distance of the 
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line FTB from FE at any point represents the bending 
moment at that point. The process is similar if there is 
more than one force between the bearings, as in fig. 18» 
where A and D are the bearings, and B and C the forces. 

Multiply force B in tons into AB in inches. Set off the 
value so found at A E. Multiply C in tons into A C in 
inches, and set off this value at E F. Join F D, cutting C 
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produced in G. Join E G, cutting B produced in H. Join 
AH. Then AHGD is the curve of bending moments on 
the shaft in ton-inches. We shall first deal with a single 
crank having a bearing at each end. 

Having found the bending moment, find the twisting 
moment by multiplying the total maximum force in the 
connecting rod— i.€., BO, fig. 16, reduced to tons into the 
length of crank. Set off the length U Y, fig. 17, as shown 
in fig. 19. The reason for U Y, and not Q T, being taken, 
will be presently explained. 

Draw U M at right angles to it, taking U M equal to the 
twisting moment on the same scale as the bending moment 
scale. Describe a circle M N with Y M as radius. Take U P 
e= 10 in., and U K «= 2*8 iu. Join F N, and produce it to S, 
and draw B S horizontally. Then the length of E S, in the 
same units as the bending moments are measured iu, gives 
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the valne of d^ where d is the diameter of the shaft 
reqnired. 

For instance, if the bending moments are set off to the 
scale of ^in. =1 ton-inch, then, if R S measures 16 in., corres- 
ponding to 32 ton-inches, the cube root of 32, or, say, 3| in., 
will give the necessary diameter of shaft, allowing 4 tons 
per square inch on the steel of which the shaft is made. 
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This construction is a convenient way of solving the two 
equations — 

Te = M + JWrr" (L) 



and 



T. = ^*D» 



(ii.) 



where Te represents not the actual twisting moment urging 
the crank shaft forward, but an imaginary twisting moment 
which would produce the same stress in a shaft as a bending 
moment M and a simple twisting moment T combined, q 
being the stress on the shaft (here assumed as 4 tons per 
square inch), and D being the diameter of shaft. It is 
clear that 

VM = JM'' + T2, 
and therefore U N = M + J M.'' + T' = T, : 
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also R S = Te X 

= Ttf X 1-28 
= T. X i 

v 
= D3 
from equation (ii) above, after substituting 4 for q. 

Of course, M and T are the simtdtaneous values of 
the bending and twisting moments respectively. If the 
valve gear is so designed as to always cut off steam 
before half stroke, it will be necessary, in case the weight 
has to be kept down, to find the point of the stroke 

at which M + JW-^ + T^ has its greatest value. It is 
clear that the pressure on the piston falls considerably when 
the steam expands. Now, the bending moment is only 
dependent on the total pressure on the piston and the 
relative position of the bearings and line of stroke, as seen 
in fig. 17. It does not in the least depend on the angle 
which the crank makes with the line of stroke, except in so 
far as this latter affects the total pressure on the piston. 
Thus the value of M diminishes as the steam expands, being 
in all cases directly proportional to the total pressure. But 
the value of T may and does increase considerably, in spite 
of the diminishing pressure, because during almost the 
whole of the first half of the stroke the leverage at which 
the push of the connecting rod acts is increasing more 
rapidly in proportion than the total pressure is diminishing. 

If O P, fig. 20, represents the position of the crank at any 
time, then the twisting moment on the crank shaft at that 
instant = force in C P x real length of O K, where O K is 
the perpendicular on C P produced. The force in C P must 
be found by the method explained in connection with fig. 
17. The constructions already explained are so easy and 
rapid, that the value of Te can be quickly calculated for half 
a dozen positions at the crank in the first half of the stroke, 
where its value will be greatest, from the hypothetical 
4d 



34 DIMENSIONS OF DETAILS. 

indicator card, as shown in fig. 1. These values of Te should 
be plotted either on a base of piston positions, or on a base 
representing the crank circle unrolled. The latter is perhaps 
better. A smooth curve drawn through the points will show 
very accurately the maximum value of Te, which should, of 
course, be used in calculating the diameter of the shaft. 
No point on this curve need be found corresponding to a 
position of the crank before cut-off takes place, for it is 
clear that the value of He at cut-off will be greater than 
any value it can have before that point, because, while 




Fio. 20. 

M is constant during admission, Te is constantly increasing 

during that period ; so that M + J~M^~+T^ must be greater 
at cut-off than at any previous time. More complicated 
examples of crank shafts will now be considered. 

The calculation becomes somewhat complex, though quite 
easy, if there are two or more cranks using expansion between 
the two bearings. In this case curves of bending moments 
must be drawn, as explained in connection with fig. 18, for 
several positions of the crank shaft. As regards the twisting 
moments, it must be borne in mind that any twisting 
moment generated in the shaft by any of the cranks is 
tr^msmitted undiminished along the whole length of the 
shaft between the point where it is generated and the 
point where the power is drawn off. 

Thus, if fig. 18 represents a skeleton of a shaft which has 
two cranks at right angles, driving, let us say, a centrifugal 
pump through a coupling, then the twisting moment 
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generated at B is transmitted as a twisting moment along 
the shaft between B and C, through the crank pin C, still 
existing in that pin as a twisting moment (assuming rigidity 
of the shaft) in spite of the fact that the pin C is out of line 
with the shaft (since a couple is equivalent to any other 
couple of equal moment which has its axis parallel to that of 
the first couple), along through the bearing D to the coupling, 
where it is resolved into pairs of shearing forces on the 
coupling bolts, beyond which it again becomes a twisting 
moment in the pump spindle. Now, the twisting moment 
generated at does not appear as a twisting moment until 
it reaches the shaft between C and D. In the pin C there 
can be no twisting moment due to the force C, because to 
produce a twisting moment we must have two equal and 
opposite couples, one at each end of the shaft. There is no 
opposing couple at the other end of the shaft, and therefore 
there can be no twisting moment in C, except that due to 
B's action on the one side and the resistance of the pump 
on the other. 

The magnitude of the twisting moment in pin C will be 
the twisting moment generated by B, since the other part of 
the total twisting moment in the pump spindle does not 
exist as a twisting moment further to the left than the 
right-hand crank cheek of C. A little consideration will 
enable us to dispense with a large part of the work in 
finding the most strained section. The crank shaft 
will probably be of constant size (from considerations of 
symmetry) all along its length ; hence we can at once infer 
that since B and C are exactly alike, and since B has no 
twisting moment on it at all, while C has the twisting 
moment due to B, and, in addition, the same bending 
moment that B has (probably, but of course it depends on 
the position of the bearings, and on the proposed indicator 
cards), that therefore B is not the most strained section. 
We can therefore neglect B altogether, and confine ourselves 
to the part of the shaft between B and C, the pin C, and the 
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abaft to the right of 0. Where the shaft is very large, and 
where lightness is important, it is aometimes necessary to 
increase the diameter at the parts 'where the value of Te is 
greatest. When this is the case, it is easy to find the 
diameter all along the length of the shaft to secure eqoal 
stress at every part. 

To draw the curves tor one poBttion of the cranks 
for a vertical engine, determine, as in fig. 21, the position 




of the croasheada corresponding to the poaition of the 
cranka given. Find, aa in fig. 17, the load on the connecting 
rods, and draw the bending moment curve (obliquely shaded 
in fig. 21), aisuming hotk loads vertical. This is sufficient to 
secure a margin of safety. The exact state of bending 
stress in the shaft, excludii^; twisting strains, due to 
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loads not in the same direction, is somewhat complicatedi, 
and need not be taken into account in practice.*^ 

It can easily be shown, that when the inclination of the 
rod is not large, it is sufficient to take both loads as vertical 
to secure sufficient strength. 

Next draw the twisting moment curve by calculation. It 
consists in this case of only two steps, and is easily drawn. 
The height of one step is the T M, due to B in the position 
shown, while in the other the height is the joint effect of 
B and C 

These are, of course, 

Ta = force in connecting rod B x O M. 

Tb = Ta + force in connecting rod C x O N, 

where M and N are the feet of the perpendiculars (not 

shown in fig. 21) from the centre of the shaft on the 

connecting rod produced. 

It is easy to select from this diagram the two or three 
positions at which the value of T^ might be a maximum. 
Such as — 

(1) A point to the immediate right of crank C. 

(2) A point to the immediate left of crank C. 

(3) A point in the middle of crank pin B where there is 
bending moment alone. 

Draw the diagram for T^ for each of such points, and find 
which is greatest Do the same for several positions of the 

* It is, however, very interestiag, being somewhat as follows, as may be seen 
by anyone who analyses it carefully. It consists in the vertical plane of a 
varying bending moment all along the shaft. Between A and B the bending 
moment is sometimes pure and free from shear— i.e., when both cranks are on 
the same (positive or negative) side of the line of centres, and before cut-off has 
taken place in either cylinder. When cut-off takes place in the leading cylinder, 
the B M becomes impure between A and B — i. t. , vertical shear is introduced, which 
varies from positive to negative twice in each revolution. Outside A and B the 
B M is always impure. Roughly speaking, one side of the shaft— i. 6., the crank 
side— is always in tension, while the other is always in compression. In a 
horizontal plane there is also in general a varying bending moment, which can 
never be pure, except in one position when cut-off is very late. Between A and 
B there may be pure shear in the horizontal plane near the ends of the stroke if 
the valves have sufficient lead. 
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Franks, judiciously selected, and take the maximum value of 
T« for the necessary calculation for the diameter of shaft 
The whole of this process, though somewhat tedious to 
describe, can really be effected with great rapidity if it be 
thoroughly understood. 

In the case of overhung cranks the bending moment and 
twisting moment are both greatest at the centre of the 
bearing nearest the crank. This is, therefore, the section to 
be considered. The value of the bending moment is 
force in connecting rod x perpendicular distance of centre 

line of stroke from centre of bearing. 
The twist and bending moments are combined, as before. 

If the weight of a flywheel has to be taken into account, 
it must be treated in exactly the same way as a force in a 
connecting rod. 

Locomotive Ceank Shaft. 

In the case of a locomotive crank shaft we have to deal 
with an additional bending moment in a vertical plane, due 
to that part of the dead weight of the engine which rests 
on the driving axle. The cylinders are here horizontal, or 
nearly so, and the thrust of the connecting rods act on the 
shaft in a direction almost at right angles to the shaft and 
to the force due to the weight of the engine. We have, 
therefore, to find the maximum resultant of two bending 
moments, whose axes are inclined at a variable angle. By 
the axis of the bending moment is meant the direction of 
the axes of the equal and opposite couples, which, acting at 
opposite ends of the shaft, produce the bending moment 
between them, or, in other words, the direction of any line 
at right angles to the plane of these couples. 

Now, between Wi and W2, fig. 21a, the bending moment 
in the vertical plane is constant, and the section on which 
the greatest stress will come will therefore be that section 
which has the greatest bending moment in the horizontal 
or other plane due to the connecting-rod thrust. Now, 



DIMENSIONS OF DETAILS. 



39 



suppose the connecting rods are both inclined upwards and 
are in thrust It is clear that the tendency of the upward 
thrust is to counteract some of the downward bending 
moment due to the weight of the engine. For a similar reason 
the downward bending moment will be a maximum either 
when both rods are inclined downwards, and are at the 
same time in compression (as will be the case when the 
engine is being driven forwards), or when both are inclined 
upwards and are in tension. But since the axes of the 
cylinders are usually slightly inclined downwards, it is 
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clear that the former will be the position of greatest 
bending moment in a downward vertical direction. 

When the cranks are equally inclined to the line of 
stroke, as in fig. 21a, there will be the same stress in the 
connecting rods in the same direction, and this will be 
the position of greatest bending moment. Now, we can 
draw a bending moment curve, as already explained, due to 
dead-weight forces in the vertical direction, and another 
due to forces parallel to Ci Pi. The former should be 
imagined drawn in a vertical plane, and the latter in the 
plane containing O N (parallel to Ci Pi) and the axis of 
the shaft. If this latter plane be turned about the axis 
of the shaft into a vertical plane, this curve will appear as 
at Hi B2 Bi H2, while the "vertical force" curve will 
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Appear as Hi A^ A| H^. It is dear, ihen, that both bending 
moment corves may be drawn in the front elevation, and 
their heights transferred, as shown, to their proper planes 
on the end elevation, as at O N, O A. Now, the resultant 
of these two, as at O K, will give the resultant bending 
moment in magnitude and direction. This mnst therefore 
be used in calculating the diameter of the shaft. 

Sizss OF Bolts. 

In determining the sizes of the various bolts and screws 
used to connect the different parts, the section to be con- 
sidered is that at the bottom of the thread, on which section 
a stress of three tons per square inch is commonly allowed 
in those cases in which the stress varies from zero to a 
TrnkTinifini. The diameter at the bottom of the thread is 
very nearly 0'85 x diameter of bolt. Hence, when a force 
varying from to / tons has to be resisted by a bolt, the 
full diameter of bolt necessary is 

d = 077 Jf^ 

where / is in tons. This can easily be obtained from the 
formulae — 

/ = g X ^ d^«, 

and di = 0*85 d, 

where the stress 9 ~ 3 tons per square inch. 

If the screw is likely to be twisted much, as in the case of 
the studs of a cylinder cover, 

d = 0-85 ^ 

Very small bolts or studs, less that g in., should be avoided, 
if they have to be tightly screwed up, as they are likely to 
suffer more than larger ones from injudicious treatment at 
the hands of a workman. The largest bolt or stud that can 
be used consistently with good appearance and convenience 
should always be put in. The above values should be 
considered as the smallest that can safely be used in 
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positions where sadden stresses are likely to come on them. 
In case the bolts are to be under constant tension, the stress 

allowed is usually 4 tons. In this case d » 0*66 Jf, The 
Practical Engineer Pocket-book contains a most useful 
table giving the necessary sizes of bolts for different stresses 
and loads. 

Where it is possible, bolts should be turned down in the 
shank to the diameter at the bottom of the thread of the 
screw. The bolt is thereby rendered less likely to break, 
for the following reason. If a bolt be accidentally subjected 
to a larger load than it can bear, the greatest stress will, of 
course, come on the section at the bottom of the lowest 
thread. The bolt will therefore stretch at this part, while 
the shank of the bolt will retain its original lengtL If the 
force be increased till this section giv^s way, the bolt as a 
whole will only have stretched a very small distance before 
breaking takes place at this section. Now, if the shank of 
the bolt be turned down, as described, stretching will take 
place equally along its whole length, and the work necessary 
to break it will be much increased, because it will lengthen 
much more before breaking than if it had not been turner 
down. 

Caps. 

The next point to be considered is one which is frequently 
overlooked in engine design, viz., that the caps of all 
bearings should be strong enough to resist all bending 
moments which are likely to come on them. Caps are really 
in the position of little beams loaded in the middle and 
supported at the ends. Designers, judging from the breadth 
and general appearance of these caps, frequently take it for 
granted that they are strong enough to take their load 
forgetting that the strength of a beam depends far more on 
its depth than on its breadth. 

The bending moment on a cap in ton-inches can easily be 
found by the method of fig. 17. It is necessary to add that 
the brass is not usually strong enough to take any of the 
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bending moment, becauae bnas ia expensive, and it ia there- 
fore nsiud to keep it as thin as possibla The whole load 
then oomes on the middle of the iron or steel cap. The cap 
is usually of flat rectangular section, both for the sake of 
appearance and cheapness. 

A method of testing a proposed section for strength is as 
follows : Find the bending moment on it in ton-inches by 
the method of fig. 17, where F and R are the centres of the 
bolts and Q the load. Then draw the section full size, if 
rectangular or nearly so, as at A B C D, fig. 22. Mark ofiT 
A E = 1 in. Join D E, and produce to Q. Draw Q K L 
horizontal and D L perpendicular to D G. Then, if L K, 




measured in inches, is less than the RM. just found, the 
section, if of steel, is too weak. If of cast iron, the B.M. 
should be not greater than one-fifth of K L. This is a 
g^phical method of applying the formula M = / Z for the 

strength of a section under bending stress where Z = — -— 

o 

for a rectangular section. For the formula becomes M = 6 



hd' 



= bd\ In fig. 22 C G = 6 rf, for by geometry AD x 



DC = AE X DK =CG, and LK = 6d«, because DK x 
DA = LKxAE = LK The stress allowed is here about 
13,6001b., or 6 tons per square inch, which is the limit 
which should not be exceeded for steel, while one-fifth of 
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this value, or 2,7001b., is the limit for cast iron nnder 
similar conditions. 

Crosshead Pin. 

The crosshead pin is also a small beam, under similar 
conditions to the above, as regards stress. It is, 
however, usually backed up by a brass brush, which 
is supported at the back by the crosshead, and the load on 
it is probably more uniformly distributed than is the case, 
for instance, with the connecting-rod cap. But if the cross- 
head pin bends appreciably, even though it be amply 
strong enough, the pressure on the outer parts of the 
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bearing becomes very much intensified, and this may give 
trouble by causing the bearing to heat. The following 
construction allows a stress of 13,500 lb. per square inch on 
the pin, assuming the load concentrated at the centre, and 
gives good results for a steel pin. 

Find the bending moment as before. Set up A B, fig. 23, 
equal to the diameter of the pin. Make A C = 1 in., and 
describe a semicircle passing through C and B, whose centre 
is on A C produced. Make B E parallel to S C, cutting the 
semicircle at E. Draw the line GEF. Then the line 
representing the bending moment in ton-inches should be 
not greater than $ of A F. If it be greater than this, the 
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diameter of the pin moat be increased. In this oonatrno' 
tion GA = (i' and AF = rf', as may easily be proved 
geometricaUy. 
Of conrae, the pressure per square inch on the bearing — 

total force in connecting rod 
length of pin x diameter 
must, KB already explained, be kept below a maximnm of 
1,400 lb, This construction only tests whether the diameter 
of the pin is great enough to resist bending stresses. It is 
a graphical translation of the formula 15.= fL, where 

ftUowing, aa before, a stress of 13,5001b., or 6 tons per square 
inch, on the pin, vhich in good engines is usually made of 
crucible steel. 

EcCENTKICa. 

The minimum diameter of the eccentric sheave is deter- 
mined by the stroke of the valve and the radius of the shaft 
as follows : The radius of the sheave should be so great that 
the thioknesa of the sheave (between the surface of the shaft 
and that of the sheave) at its thiimest part should be strong 
enough. When the eccentric is made in two parts, the 
smaller of the two is usually made of wrought iron or steel, 
BO aa not to unduly increase the diameter of the sheave ; 
M'iiQn this is the case, the smallest thickness shonld be |in., 
so (.hat minimum radius of sheave 

■E half-stroke of valve + radius of shaft -t- | in. 

The breadth of the bearing surface is usually about one- 
lifth of the diameter of the sheave. 

The eccentric is the part of the engine which moat 
fn quently gives trouble by heating. This is usually due to 
ooii of the following causes^ if the workmanship is good : — 

1. Inefficient lubrication. 

-. Strap not stiff enough, causing binding of the strap on 
tbe sheave. 
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3. Too great pressure per square inch on the strap. 
In designing eccentrics it is necessary to bear these in 
mind : — 

1. Automatic lubrication is almost invariable in high- 
class engines. 

2. The radial depth of the strap should be so great that 
the bending moment on it produces a stress of not more than 
half a ton per square inch in the material. This condition 
will be usually fulfilled if the depth of the strap in a radial 
direction is from ^ to f of the width of the eccentria 

3. The pressure per square inch is 

total load on eccentric rod 
diameter of sheave x width' 

This should not be greater than 80 lb. or 100 lb. per square 
inch. 

The load on the rod is due to the friction of the slide 
valve. It is usually taken as 

— area of valve x steam pressure x coefficient of friction, 
which latter is usually assumed as 01. 

It will usually be found that the proportions given above 
will fulfil this condition. 

Vcdve-rod Fin.— This is the part of the engine which 
usually first shows signs of wear. Unless it is made fairly 
large, it wears loose in a very short time. It is often not 
well lubricated. In good engines it is usually made of 
crucible steeL The pressure per square inch on it (estimated 
as above from the pull in the eccentric rod) should always 
be below 500 lb. 

It will be observed that in the above rules the minimum 
areas of all the bearings have been determined solely from 
the pressures per square inch, the velocities of rubbing being 
disregarded. Elaborate rules are often given, according to 
which the product of the pressure per square inch and the 
rubbing velocity should be an arbitrary constant, which 
constant varies for different classes of bearings. Though 
in theory this rule is reasonable enough, it is utterly 
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impossible to adhere to it even approximately in practice. 
The most that can be done is to keep the pressures per 
square inch as low as possible when the speed is high. 
Any attempt to formulate a general role on this principle 
results either in a cumbersome and useless multiplication 
of symbols, coefficients, and tables, or in results which are 
ridiculously at variance with practice, and often both, as 
the following example (taken from an engine now working 
satisfactorily) will show. The dimensions of the engine 
are : Cylinder 27 in. diameter, 20 in. stroke, crank pin 7^ in. 
by 10 in., area of valve 25^ in. by 15^ in., maximum revolu- 
tions per minute 180. Some works on machine design give 
some such rule as the following : 



Minimum width of eccentric = 2 



pg y 



170000 

where p «= steam pressure, 

a ■>- area of valve, 
N » revolutions per minute. 

This, along with other rules derived from it, results in an 
' eccentric 80 in. wide by 120 in. in diameter (!), and eccentric 
bolts about 3 ft. in diameter (! !). Other rules founded on 
the same theory would give the crank pin an area of about 
280 square inches, or 28 in. long by 10 in. diameter. Such 
proportions are obviously absurd in practice ; therefore it 
seems necessary to be rather less ambitious, and to use 
rules somewhat less theoretically perfect. The practical 
rule is, briefly : Keep the pressures per square indi as low 
as possible, especially for high speeds, but always below 
certain maxima, which differ for different classes of journals. 
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CHAPTEK IV. 

Compounding. 

The use of high pressures, which is now becoming so 
common, makes it difficult to use steam to full advantage in 
a single cylinder. The following are the chief reasons for 
this : — 

(L) High-pressure steam acting on a moderately large 
piston requires the use of very large and heavy details in 
order that the stresses and pressures, &o,, may not be 
excessive at certain parts of the stroke. These are ugly to 
look at) unwieldy to handle, and expensive to make. Their 
great weight and inertia produces excessive vibration, 
thus increasing the expense of necessary foundations. 
Compounding, as will be presently explained, considerably 
reduces all these evils. 

(ii.) The great variations in the pressure in the cylinder 
which is necessary if the steam is to be adequately 
expanded causes excessive inequality in the driving force, 
thus rendering a very heavy flywheel necessary to keep the 
speed constant. 

(iii.) The great variation in pressure also causes a great 
variation in temperature in the cylinders, causing large 
waste of steam by condensation, with its accompanying evil 
of collection of water in the cylinder. 

For these and other reasons it has been found economical 
to expand the steam in two or more cylinders successively. 
These can be arranged in a great variety of different 
ways. We shall here show methods of treating several 
representative cases. All others may be treated in the same 
manner. 

In designing a compound engine, the first thing to 
determine is the volume of the L.F. cylinder, for this fixes 
the power of the engine. The latter is not (within certain 
limits) dependent on the size of the H.F. cylinder, provided 
that is large enough to contain all the high-pressure steam 
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used in one stroke. In fact, the diameter of the H.P 
cylinder may vary very considerably without having much 
efiect on either the power or the economy of the engine. 
This point will be presently discussed. 

The method of determining the volume of the L.P. 
cylinder is identical in principle with that already described 
in Chapter I., which it is advisable to read carefully before 
commencing the following explanation : The size of the 
L.P. cylinder of a compound engine is almost the same as, 
but slightly greater than, would be required for a single 
engine giving the same power, and using the same ratio 
of expansion. The reason for this is as follows : If a 
given quantity, say 1 lb., of steam or any other gas expands 
continuously between two given volumes, say 2 cubic 
feet and 17 cubic feet» without gaining or losing heat 
otherwise than by changing it into work done, then the 
amount of work done (in foot-pounds) by the steam on the 
pistons or other moving pieces is the same, however this 
expansion may have taken place. Thus, if a volume Vi of 
steam could be partly expanded in one cylinder to volume 
V2i and then be transferred unaltered in volume to another 
cylinder of different diameter, and further expanded to 
volume v^i and so on for several stages till it reached the 
volume Vf, then the total aggregate work which would have 
been done on all the pistons together would be precisely the 
same as if the whole of the expansion had taken place in a 
single cylinder between the same two volumes v^ and v/. 

This can easily be proved by calculating the actual 
quantity of work done in each cylinder by the method of 
Chapter L, and adding them together. Thus, in this case, 
work done during expansion in first cylinder — 

^1 Vi logc ^ ; 
work done during expansion in second cylinder — 

Pz V2 loge ^, &C. &C. 

«^2 
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The sum of these 

= Pi Vi l0g« ^ + P2'^2 l0g« '^ + . 

But, by the law of expanding steam, 

Pi ^1 =^2^2=" Pi ^3f <fec« 

The total work is therefore 



• • • 



\ Vi V2 

= Pi Vi l0g« ( -2 X ^ X . . 



. + 



lege -^) 



= Pi ^'l log« 11^ . 
'^1 
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This may be shown graphically by drawing a diagram 

such as fig. 24. Let A B = v i, A C = Pi, he. Then the 

work done during the first expansion is represented by 

F K H B to some scale, which may be found as in Chapter L 

5d 
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The work done in the Beoond cylinder is K J E H, uid so 
on. It is dear that the sum of all snch areas is the same as 
F M N By which wonld have been the work done if all the 
expansion had been performed in a single cylinder. It is 
also dear that the Yolnme of the L.P. cylinder — i.e.^ A N — ^is 
the same as the Yolame of the single cylinder would have 
been ; also that the maximum pressure per square foot in 
the single cylinder (on which, of course, the size of the 
details of the engine depends) is B F, whereas in the assumed 
L.P. cylinder it is only E J. 

Now, the chief difierenoe between this ideal case and the 
actual method which is used in a compound engine consists 
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in the effect of the practical method of transferring the 
steam from one cylinder to another, and the work done 
during that transference. It is, of course, impossible in 
practice to take the steam bodily, as we have assumed, and 
carry it to the second cylinder unaltered in volume; we 
jnust of necessity allow it to flow through pipes. But these 
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pipes have of necessity a certain volume, and it is therefore 
clearly impossible to allow the steam to directly enter the 
second cylinder unchanged in volume. In order to under* 
stand the relation of the ideal method to the practical, 
consider two cylinders joined together, as shown in fig. 25. 
Let S be the pipe leading from the boiler, and C the admis- 
sion valve. Y is a valve by which communication can be 
made between the two cylinders. E is a receiver or box 
provided with a valve K. The use of this will be presently 
explained. 

Suppose both pistons are at the inner ends of their 
respective cylinders. 

(i.) Admit steam to the H.F. cylinder from the boiler at a 
pressure of, say, 1201b. absolute till the n.F. piston has 
reached R 

(ii) Shut off steam, and allow the steam in the cylinder to 

expand to the end of the stroke. Steam expands very 

nearly according to the law that pressure x volume = 

constant. Its pressure, therefore, at the end of the stroke is 

A E 
120 X -r-^ = let us say, 55 lb. per square inch. 

(iii) Now open valve Y, and let both pistons descend in 
such a way that the volume of the steam between the 
pistons is unchanged till the end of the down stroke of 
the small piston. 

(iv.) Shut valve Y, and allow the steam in the large cylinder 
to expand to the end of the stroke. 

(v.) Exhaust the steam in the L.F. cylinder into the con- 
denser, allowing the piston to return to its original position. 

Now, if this engine had been "indicated'' during this 
process, the cards which would have been produced (after 
the H.F. card had been reduced to the same scale of volumes 
as the L.F. card) would be as shown in fig. 26. (i.) The work 
done on the H.F. piston during admission would have been 
A B H G. (ii). The work done during H.P. expansion would 
have been B C K H. (iii.) During this operation the work 
done against "back pressure'' by the H.P. piston vould have 
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been D C K G. Now, exactly this same amount of work 
is at the same time done by the steam on the L.F. piston 
during the process of pushing back the H.F. piston. In fact, 
during the process of pushing back the H.F. piston the 
steam acts in the same way as the water in a Brahmah press. 
It is the medium through which the work done on the H.F. 
piston is transferred to the L.F. piston. It is thus clear that 
the net amount of work done by the steam on the H.F. 
piston is A6CD. (iv.) During this operation the amount 




of work done on the L.F. piston is C F J K (v.). The work 
done against back pressure by the L.F. piston on the return 
stroke is E F J G. Therefore, the total net amount of 
work done on the L.F. piston is D C F E, where E F is a 
line whose height represents the condenser or back pressure. 
Such an engine as this would theoretically be an ideal 
compound engine, as far as an un jacketed engine can 
be. A receiver engine with cranks at right angles will be 
i^hortly discussed. But the only practical mechanism we can 
use for controlling the relative motion of the pistons is the 
crank connecting-rod mechanism, which does not allow of this 
ideal motion of the pistons being realised. Both pistons 
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must move backwards and forwards with a distorted simple 
harmonic motion. This, however, of itself would not of 
necessity involve loss of power if there were no space 
between the cylinders, and if the passage between them 
were of ample area, because the expansion of the steam 
would still be continuous. It would mean that instead of 
producing two cards which fit exactly together along D C, 
as in fig. 26, we should have two as shown in dotted lines 
A B C L and D M F E. Now, this division of the card tends 
to conceal from the reader the real continuity of the 
expansion during the process of transference. This he can 
see by considering the real relation of the two curves 
CL, DM. 

If we take a horizontal F Q E, cutting both curves in Q 
and E, then Q and E represent the simultaneous state as to 
volume and pressure of the steam in the low and high 
pressure cylinders respectively. At this particular instant 
F Q represents the volume of the steam in the H.F. cylinder, 
F E the volume in the L.F. cylinder, and G F the common 
pressure. These volumes are always such that FQ + 
FE = FS. This fact shows the continuous character of 
the expansion— that is to say, that the steam does not, at 
any part of the stroke, suddenly expand without doing 
work.* 

If the indicator card, such as fig. 26, of the expansion 
be considered as a whole^,e,^ whole volumes horizontal, 
pressures vertical — ^the area CMNK represents the net 
work done during the transference. It is equal to the 
difference between the areas DMNG and LCKG. Also 
the sum of the areas A 6 C L and D M F E » whole area 
ABFE, all of which propositions can easily be proved 
analytically. 

* It needs aome grasp of the principle of the conservation of energy to 
appreciate thoroughly the proposition that if steam expands continuously — 
i.€.f without any sudden jumps— a corresponding net amount of mechanical 
'work must be communicated to the moving piece whose motion causes the 
expansion. In this case it is, of ooursei the pistons. 
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To explain the action of the intermediate pipes, imagine 
that before operation (iiL) in our ideal engine, instead of 
allowing the steam then in the H.F. cylinder to expand 
continuously, we had opened cock K. This operation we 
shall call (iL)a. The immediate result of this would have 
been a fall of pressure in the H.P. cylinder, and therefore 
lower pressures during operations (iii.) and (iv.). In (iii.) 
there would have been no loss of work due to this cause 
unless expansion had taken place simultaneously with the 
process of transference, but in any case there would be less 
work done during the whole of operation (iv.), because, 
although the product p v might remain the same if valve V 
were left open, the ratio of expansion during (iv.) would 
have been lower, and therefore pv loge r (iv.), which repre- 
sents the work done during (iv.), would be smaller than if 
no expansion had taken place into R. As a matter of f act^ 
valve Y is not left open in practice, for reasons which will 
be presently explained, and therefore pv ia diminished, 
although r remains the same as before when Y is shut 
after (iii.). 

Observe that we might have avoided this loss of pressure 
if the initial pressure in E before K was opened had been 
the same as the final pressure in the H.F. cylinder. Methods 
of securing this condition will be presently explained. If 
the pressure in E be less than this, the result will be a drop 
of pressure. It is, however, supposed that a small drop of 
pressure due to E is actually conducive to economy on 
account of the tendency of the sudden expansion to dry the 
steam, thus making it more effective in the subsequent 
expansion. 

It is customary to calculate the value of this loss of 
pressure from the following assumption : — 

Let Yb Pb be the volume and initial pressure in R ; 
YF be the final volume and pressure in the 

H.F. cylinder ; 
Yf Pf the resulting final volume and common 
pressure ; 
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then it is assumed that^ according to the expansion law, 

VfPf- VrPb + VP; 
bat since Vf = Vr + V, 



therefore 



p _ VuPb + VP 

" Vk + V • 



If, however, the hyperbolic relation be an accurate ex- 
pression of the law connecting the pressure and volume of 
expanding steam doing work during expansion (which, of 
course, it is not), it is clear that the same law cannot hold 
for steam expanding without doing work. It is, however, 
found to be near enough for ordinary purposes, and we 
shall, therefore, assume it in subsequent calculations. 

It is thus seen that the effect of intermediate clearance is 
to diminish the effective power of the engine. Experience 
has shown that the loss due to this and other causes such as 
wire-drawing, &c., can be very approximately estimated as 
a percentage of the total theoretical power of the engine, 
which percentage varies for engines of different types. The 
rule in approximate design is, therefore: Add a certain 
fraction (given in column three below) to the work required 
to be indicated per stroke, and calculate the volume of a 
single cylinder required to give this power, the ratio of 
expansion being such as to leave the iioal pressure about 

20 lb. per square inch for non-condensing engines ; 
101b. M «. condensing 



M 



f> 



» 



The following are safe percentages to assume : — 



Type of engine. 


Percentage of 

nominal power 

actually obtained. 


Fraction by which 

required work is to be 

multiplied. 


Tandem with iacket 


Per cent. 
80 
76 

90 

80 
76 


4 


Tandem without jacket 


1 


Receiver engine— cranks at 
angles with jacket 


right 


V* 


Beoelver engine— cranks at right 
angles without jacket 


1 


Triple engines jaoKcted 


1 
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These values have, of course, nothing to do with mechanical 
efficiency, which must be allowed for separately. 

In illustration, take the case of a tandem engine jacketed 
Boiler pressure 125 lb. per square inch absolute. Indicated 
work required per stroke (not per revolution) 2,500 foot- 
pounds. Here the nominal work per stroke must be 

i X 2500 = 3125. 

Hence we have for volume (v) of L.P. cylinder 

3125 = 1440 X V (1 + loge 12) - 676 x v, 

, 3125 

wnence v = ^ . ■- „ ._., ^zrp;, 

1440 X 3*485 - 576 

^ 3125 
5030 - 576 

= 3126 
4454 

V = 0*7 cubic foot, nearly. 

Having thus made a provisional determination of the total 
ratio of expansion and the volume of the L.F. cylinder, we 
can determine, as before, its diameter and stroke. Suppose 
the stroke is to be 10 in., the volume being 0*7 cubic feet = 
1,210 cubic inches ; the area of piston must be 121 square 
inches, which is almost the area of a 12^ in. circle (see The 
Practical Engineer Pocket-book, page 29). We now proceed 
to determine provisionally the diameter of the H.F. cylinder. 

It has been already pointed out that this diameter may 
vary very considerably without having a great effect on 
either the economy of or the total power developed by the 
engine. Mechanical considerations, however, such as the 
desirability of uniformity of pressures and constancy of 
twisting moments, dictate that, as far as possible, the power 
developed in the two cylinders should be the same; also, 
since great variations of pressures, and therefore of tempera- 
ture, in any one cylinder cause great loss by condensation, 
it is evidently desirable that the maximum difference of 
temperatures — i,e.y those of the boiler steam and the exhaust — 
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should be equally divided between the two cylinders. These 
two considerations should finally determine the diameter of 
the H.P. cylinder. 

We can at once find the volume of fresh steam which is to 
be admitted to the H.P. cylinder every stroke This is 

volnme of larg^ cylinder . 1210 ^ i^j ^^^^^ ^^^^ 
ratio 01 expansion 12 

as will be shortly explained. Thus, when we have found 
the volume of the H.P. cylinder, we can at once determine 
the point of cut-off in it. 

If we draw a diagram such as fig. 26, and divide it by a 
horizontal line C D in such a way that it is approximately 
divided into two equal parts, then the two diagrams thus 
produced would be the indicator cards from the two 
cylinders if they were of the ideal description explained 
in connection with fig. 25, and the length of the line 
CD would, of course, give the required volume of the 
H.P. cylinder. We can, however, find the volume on this 
assumption much more easily by calculation. 

Let r be the ratio of expansion in the H.P. cylinder. The 
volume of this cylinder is then 101 x r cubic inches. The 

01 OK 

area of H.P. indicator card must represent ^ — - — foot-pounds 
of work = 18,744 inch-pounds. 
This area is also represented by 

pva (1 + logg r) - pb vh (see Chapter I.), 

where ^ j^^-^j^j absolute pressure = 120 ^-^; 

va = admission volume = 101 cubic inches ; 
pb = back pressure ; 
Vh = volume of H.P. cylinder ; 
hence 

18744 = 120 X 101 (1 -*- logg r) - pb vh. 

But^ by the properties of an hyperbola, 

pb Vh = pva = 120 X 101 inch-pounds ; 
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18744 = 120 X 101 lege r ; 
therefore 

therefore r = 4*75 (see The Practical Engineer Pocket-book, 
page 106). 

vh = 4*75 X 101 = 476 cubic inches, 
which gives a ratio of volumes of the two cylinders of 

^ = 2-55. 
476 

The corresponding range of temperatures would be 

H.P. 341 deg. to 240 deg. = 101 deg., 
L.P. 240 deg. to 162 deg. = 78 deg. 

(See The Practical Engineer Pocket-book, page 107.) 

In practice, if we had a ratio such as this, the back pressure 

in the H.P. cylinder would be much less than j;=^ = 25'5, 

which is the value here assumed for it. The result would 
be that much more work would be indicated in the H.P. 
than in the L.P. cylinder. 

Now, if we make equality of temperature range the basis 
of our calculation, we shall proceed as follows, taking the 
values from the table above referred to : — 

Total range of temperature 341 deg. to 162 deg. » 179 deg., 

half range = 90 deg. 

Therefore range in H.P. cylinder 341 deg. to 251 deg. - 

lbs 
corresponding to absolute pressures 120 to 30 ~ 

120 
Eatio of expansion in H.P. cylinder a _— - as 4. 

uO 

Volume of H.P. cylinder 101 x 4 = 404 cubic inches. 

Katio of cylinder volumes » _-—. = 3, about. 

404 
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Both these calculations are based on the assumption that 
there are no intermediate pipes. But owing to ignorance of 
the effect of intermediate clearance, which we cannot 
estimate at this stage of the calculations, we are obliged in 
practice to rely on previous experience for a provisional 
determination of the H.P. cylinder diameter. It is found 
that in practice the best cylinder ratio varies with the 
pressure. The reason for this may be easily seen by working 
out two cases,, one for, say, 120 lb., and the other for, say, 
90 lb. per square inch, either graphically or in the manner 
explained above. 

The following process will show approximately the best 
cylinder ratio for any pressure. Take a line AB^ fig. 27, 
15 in. long, and B C, at right angles, 5 in. long. Join A C. 
Let A B represent absolute pressures to a scale of 1 in. = 




Pio. 27. 

10 lb. per square inch. Then A C is the curve of cylinder 
ratios. For instance, suppose boiler pressure, as above, = 
110 lb. above atmosphere = 125 lb. per square inch absolute. 
At 125 on A B erect the ordinate D E. Then the length of 
DE in inches gives approximately the cylinder volume 
ratio for that pressure. In this case it is 3*7. Hence the 

ratio of diameters JS'7 ^ 1'92, since the stroke is the same 
in each cylinder, whence the diameter of the H.P. cylinder is 

— = 6-5, about 
1'92 ' ""v""» 
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Hence we have the provisional size of the engine, 6^ in. and 
12 J in. by 10 in., with a cut-off in the H.P. cylinder of :r^ or 

about J stroke. These values, however, are only provisional, 
and must be tried over by means of a more accurate 
diagram. 

Before this latter can be understood we must examine 
more closely the action of the intermediate pipes and 
receiver. 

Betuming to the diagrammatic engine of fig. 25, and its 
indicator cards in fig. 26, we see that there is no intermediate 
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clearance, and that the intermediate valve is left open till 
the end of the down stroke of the H.P. piston, after which 
the expansion goes on in the L.P. cylinder. But in a 
tandem engine both pistons are rigidly connected together, 
and the H.P. piston reaches the end of its stroke at the 
same time as the L P. piston does. 
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Consider fig. 28, which is a diagrammatic representation 
of a tandem compound engine. The valves and connections 
are clearly shown in the figure, and need not be further 
explained. The pipes are supposed to have no appreciable 
volume, and the engine is to work so slowly that no 
appreciable wire-drawing takes place. Suppose both pistons 
after an upstroke of the engine are in their highest positions ; 
A is filled with partly expanded and C with completely 
expanded steam, K and L being shut. 

(L) Down Stroke.^Open valve S for one-third of the 
stroke, say, and E and F for the whole stroka The result 
is that the spent steam in C goes to the condenser, and the 
steam in A expands into D. The pistons are thus forced 
down by the joint action of the live steam in B, and the 
excess of the total pressure on the large L.F. piston over 
that on the small H.P. piston, the pressure per square inch 
being the same on both pistons. • During the whole of the 
down stroke there is a continuous fall of pressure in A 
and D. 

(ii.) Return Stroke. — Close E and F, and open T for one- 
third stroke ; open G and H for the whole stroke. The up- 
stroke is then precisely similar to the previous down stroke, 
and at the end of this stroke the engine is precisely in the 
assumed initial condition. The indicator cards that would 
have been produced in this process are as shown in fig. 29, 
where the H.P. card is, as before, reduced to the same scale of 
volumes as the L.F. card. It must be noticed that the HP. 
card is taken during operation (i.) from the side £ of the 
U.P. piston, while the L.P. card is taken during operation 
(ii.) from the side C of the L.P. piston. This should never 
be forgotten in combining indicator cards from a tandem 
engine. The line E F is produced at the same time as the 
line C D. The actual shape of the L.P. card, as taken from 
the engine, would be E' D H G, and E F G D is produced by 
" reflecting '' the dotted curve. 

Now, mechanically speaking, such a method of working 
the engine as this would do very well, as it provides 
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perfectly for the continuous expansion of the steam, and 
therefore, neglecting condensation and other practical effects^ 
we get as much work out of the steam per stroke as we 
could with any compound engine ; but it must be noticed 
that in the H.P. cylinder the range of pressures is from O A 
to O D, with a correspondingly large range of temperatures. 
We should therefore in this engine lose one of the principal 
thermal advantages of a compound over a simple engine, 
viz., reduction of temperature ranga Again, if the con- 
necting passages are to be of no appreciable volume compared 




Fig. 29. 

to the cylinder, they must be of very small diameter, which 
means that the engine will work very slowly, and therefore 
the weight (and, in consequence, the cost) of the engine per 
horse power developed will be very high. Now, in order to 
remedy these defects, we must — (i.) prevent the pressure in 
the H.P. cylinder from falling so far ; (ii.) put in larger 
pipes, which means practically the introduction of an 
intermediate receiver between the cylinders. We will 
therefore consider the effect of introducing an intermediate 
receiver E (fig. 28). The valves in a compound engine are 
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almost always so arranged that a single intermediate pipe 
snpplies both ends of the L.F. cylinder, and therefore we 
use one receiver R connected to both our diagrammatic 
passages. 

It has been shown that the effect of opening connection 
from the H.P. cylinder to the receiver is to produce an 
immediate drop of pressure. A construction will now be 
explained for finding the amount of this drop, on the 
assumption stated in the last article. Suppose the co- 
ordinates of P— viz., AB, BP, fig. 30 — represent, as usual^ 
the volume and pressure of steam in the H.P. cylinder 
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when the valve is opened. Set ofi AC to represent the 
calculated volume of the receiver — which in the case of 
a tandem compound = volume of exhaust passages of 
H.P. cylinder + volume of pipe + volume of L.P. valve 
chest - volume of L.P. valves — and C D to represent its 
pressure, which we shall at present assume known. Draw 
P E, D F horizontal, join A E, and draw F G vertical. 
Then HG represents what the volume of steam in the 
receiver would be if it were compressed along the hyperbola 
DG to the same pressure as that in the H.P. cylinder. 
If, then, the volume G P (which is the total volume of the 
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steam in the KF. cylinder and receiver at pressure BP) 
be expanded to volume EF hyper bolically, the resulting 
pressure will be the final pressure in the receiver ; there- 
fore, join E B, cutting F G in K. M then is a point 
on the hyperbola M G, which has C B, B P as asymptotes. 
GK or PL then represents the required fall of pressure. 
This construction will be used in the diagram to be shortly 
explained. It is clear that, by keeping CD as great as 
possible, we shall diminish this drop, and the method 
for doing this, and therefore for diminishing the range 
of temperatures in the H.F. cylinder, is to prevent the L.P. 
cylinder from drawing off such a large volume of steam 
every stroke from the receiver — t.c., cut off early in the 
L.P. cylinder. Observe that this does not alter the weight 
of steam drawn off by the L.P. cylinder. Any steam that 
enters the H.P. cylinder must of necessity pass the L.P. 
cylinder, because it cannot get away by any other passaga 
For assume that the engine is working uniformly — i.^., 
every stroke is precisely similar to the previous one. 
Suppose that, if possible, say 025 lb. of steam leaves the 
H.P. every stroke, while only 0*2 lb. enters the L.P. during 
the same period. The result of every stroke is, therefore, 
that 05 lb. of steam is added to the quantity already 
in the receiver. The receiver pressure must therefore 
continually increase, which \a contrary to our assumption 
that each stroke is similar to the last. In practice it 
is obvious that such an increase of the receiver pressure 
would really mean that the L.P. cylinder would draw off 
a greater weight of steam from the receiver as the 
pressure increased, though the volume remained the same. 
We have here, therefore, all the elements of an automatic 
pressure-governing arrangement — i.e., the mean receiver 
pressure will continually increase till the L.P. cylinder, 
with a fixed cut-ofi, draws off exactly as much steam 
each stroke as the H.P. cylinder puts into it, which 
is, of course, by similar reasoning, exactly the quantity 
which the H.P. cylinder receives at each stroke from the 
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boiler, neglecting the effect of condensation. Hence we see 
that the effect of an earlier cut-off in the L.F. cylinder is not 
to alter either the total theoretical power of the engine or 
the quantity of steam that it takes (for this is simply 
dependent on the boiler pressure and the cut-off in the H.F. 
cylinder), but merely to effect a re-distribution of the power 
developed in the respective cylinders. A late cut-off in the 
L. P. cylinder causes a low receiver pressure and the develop- 
ment of a relatively large power in the H.F. cylinder, 
because it diminishes the back pressure in that cylinder ; 
and an early cut-off in the L.P. cylinder causes a high 
receiver pressure, and (strange though it may seem) an 
increase in the power developed in the L.F. cylinder itself. 
This may easily be seen by considering the change in the 
value of the expression pv {1 + loge r), as p increases while 
p t; is constant (since the weight of steam per stroke is 
unchanged). It is evident that r must increase, because the 
ratio of initial to final pressure increases, and therefore the 
value of the whole expression increases. For this reason 
the L.F. cylinder should be provided with a variable cut-off 
gear, to allow the pressure in the receiver, and in con- 
sequence the drop of pressure between the cylinders, to be 
adjusted. The working of the engine is still further com- 
plicated by the existence of clearance in the cylinders 
themselves, and the effect of this clearance is by no means 
to be neglected. It may be taken into account by remem- 
bering that when steam expands in any space Uie whole 
of that space must be. taken into account. A convenient 
construction allowing for all clearances will be shortly 
explained. 

Neglecting cylinder clearance for the present, the working 
of our diagrammatic engine under the new conditions 
would be as follows : — 

(i.) Open S for one-third of the down stroke, then 

close it till end of stroke, 
(ii.) Open K, producing a drop of pressure in A. 
6d 
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(iii.) Open E for, say, two-fifths of the stroke, 
(iv.) Then close it, 
(v.) Open F for the whole stroke. 

The result of (iv.) is that the steam then in A and R is 
compressed in the receiver, and in the diminishing volnme 
A by the advancing H.P. piston, in such a way that the 




Fig. 31. 



common pressure in A and E at any instant x the total 
volume at the same instant is constant. 

Perform the same series of operations with the corres- 
ponding valves for the return stroke. 

The cards that would be produced by these processes are 
shown in fig. 31. The dotted lines show the hyperbolas of 
which the lines in the cards are part. 

F H and D £ are described at the same time, and E F is 
part of an hyperbola, with L|M, L N as asymptotes. 
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CHAPTER V. 

Compound Diagrams. 

We now proceed to draw a set of indicator diagrams for 
our proposed tandem compound engine, which, according to 
the assumptions previously noted, will be an accurate one, 
and which do, in fact, represent with fair accuracy the 
actual diagrams which the engine may be expected to pro- 
duce, allowance having been made for a moderate amount of 
wire-drawing. 

Before doing this, however, we must draw in the cylinders 
in outline, so as to be able to determine the volumes of 
the various parts constituting the clearances. It is very 
undesirable to draw in more of the design at this stage than 
is necessary for the object in view, because the sizes may 
have to be modified according to the information derived 
from the diagram. The necessary areas of the steam and 
exhaust ports have been already found. Care must be taken 
especially that the area of the exhaust is not in any way 
constricted. Insufficient area of exhaust is a very bad fault 
in an engine, and it is one which is very liable to occur, 
because the exhaust port of an engine is of a peculiar shape, 
and the ordinary three sections which are usually given in 
a working drawing are apt to mislead the unwary draughts- 
man into the belief that the area is unrestricted, when, in 
fact, it is not so. The core boxes for the ports are often so 
made that plates between the steam and exhaust ports are 
curved, following the curve of the cylinder, fig. 32. The 
shape of these plates is often not shown on a working 
drawing, and the pattern-maker is left to make them what 
shape he pleases. If he decides to make them cylindrical in 
section, it may happen that the plate projects over part of 
the area of the exhaust pipe where it joins the valve chest, 



68 



COMPOUND DIAGRAMS. 



thus constricting the exhaust.*^ In a case which recently 
came under the author's notice, the exhaust area in a large 
engine was constricted at this part to the extent of nearly 
25 per cent, as shown in fig. 32, at E. In some cases also the 
valve is made so shallow that there is insufficient area over 
the top of the bar, as at C D. In some cases also the valve 




Section on AB. 



B 
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face is so near the cylinder that the escaping steam from 
one-half of the exhaust port is throttled on its way to the 
exhaust pipe. 

The distance piece between the cylinders should be 
great enough to allow plenty of room for the stuffing 
boxes to be packed. When this distance has been deter- 
mined, we can find the necessary length of connecting pipe. 
The calculation for its sectional area is complicated by the 
fact that in the pipe expansion and flow of steam are going 
on simultaneously. If we calculate the section of the pipe 
considered as the exhaust pipe of the B..P. cylinder, the 



* Care must be taken that the plates are of such a shape that there are no 
triangular lumps of metal at the points where the plates between the steam and 
exhaust ports join the cylinder, as wUl be the case if the angle of junction is 
very oblique. This is a fruitful cause of spongy castings. The sponginess occurs 
at a place where it is difficult to detect it, and may produce a tremendous waste 
of steam, the cause of which may afterwards be very obscure to anyone who has 
not seen the design. For this reason the plates should join the cylinder as 
directly as possible. The edge of the exhaust core will then be substantial, and 
not likely to be broken off by the flow of metal during casting. 
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result will, of coarse, be quite different from that derived 
from the assumption that it is the steam pipe of the L.P. 
cylinder. It is clear that neither of these is the correct 
assumption, because the pressure of steam during admission 
to the L.F. cylinder is not maintained] constant by the 
supply it receives from the pipe, but is continually falling 
during that period. The steam already in the L.P. cylinder 
is expanding, as well as that in the H.P. cylinder and pipe, 
and, therefore, the volume of steam supplied per second by 
the pipe is not so great as the volume swept out per second 
by the L.F. piston. In addition, steam is being^driven into 
the pipe by the advancing H.F. piston. The velocity of 
steam in the pipe will be greatest at the] point where it 
joins the L.F. valve chest, because here the integral effect of 
the steam displaced by the H.F. piston and the expansion 
in the H.F. cylinder and pipe is felt. The exact point of the 
stroke at which the velocity of the incoming steam is a 
maximum can only be determined for each particular case 
by the use of the differential calculus. In several cases 
calculated by the author, the result was nearly three-eighths 
of the stroke. In any case it cannot be far from this point. 
At this point of the stroke, and at this section of the pipe, 
the velocity must not be greater in ordinary cases than 
80 ft. per second. In high-speed engines anything less than 
110 ft. per second gives an abnormally large pipe. The 
method of calculating the actual velocity at this point may 
be best understood by imagining that the cylinders and 
cylinder clearances are replaced by equal volumes of pipe, 
whose diameter is the same as that of the connecting pipe. 
In the pipes representing the cylinder volumes, pistons are 
to be imagined working whose volumetric velocities (i.e., 
volume displaced per second) are the same as the correspond- 
ing volumetric velocities of the respective pistons, and which 
enclose between them the same quantity of steam as the 
actual pistons at three-eighths stroke. It is clear that the 
velocity produced in the connecting pipe in this case will 
be the same as in the actual case. It is also easy to see that 
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if the expansion goes on uniformly throughout the whole 
volume enclosed, so that at any instant the pressure is the 
same throughout the whole volume, the volumetric velocity 
of a diaphragm which divides this volume into two parts 
at the section corresponding to that described above, will be 
found by the following construction : Set off A B, fig. 33, to 




FiQ. 33. 



represent the whole volume between the pistons at three- 
eighths stroke— i.e. (five-eighths volume of H.P. cylinder + 
exhaust passage of ditto + volume of connecting pipe, 
which must be approximately estimated) + (volume of valve 
chest of L.P. cylinder + three-eighths volume of L.P. cylinder). 
Make A C equal to the first bracket, and C B equal to the 
second. Set up A D = volumetric velocity of H.P. piston 

(i.e., volume of H.P. cylinder x strokes per second). 



m 



sec. 



and B E = that of the L.P. cylinder. Join D E, and set 
up CF vertical. The length of CF gives the volumetric 
velocity required. Divide this by 960 in. per second, and 
we obtain the area required in square inches, which, when 
multiplied by the length already found, gives the volume of 
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the pipe. To find the volume of the H.F. exhaust port, the 
following method is useful, and, if worked with a planimeter, 
is very rapid, and may be worked to any desired degree of 
accuracy. The theory of this construction is fully explained 
in the author's work on a "Graphical Treatment of the 
Difierential and Integral Calculus.'' 

Make a scale drawing of the port, fig. 34, and take a 
number of sections across it, as shown in figure, and deter- 
mine the sectional area of the port at each of these sections. 
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Fio. 34. 



Set up these areas to scale on a convenient base AB, at 
corresponding points. Thus the area of the section across 
C D is shown shaded in the end elevation. Suppose this to 
be 22'3 square inches. Set up E F to represent 22'3 on any 
convenient scale, and do the same for all the other sections. 
Draw a curve AGHB through all the points so obtained* 
The area of this curve will be the required volume of the 
exhaust port. The scale to which the area represents the 
volume may be found by considering what a square of 1 in. 
side would represent on the diagram. Suppose the drawing 
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of the port is on a scale of 3 in. = 1 f t.— t.e., 1 in. represents 
4 in. — ^and the scale of the ordinates is lin. = 10 in. ^, then 
the square inch of the area represents 4 in. x 10 in.^ = 40 in. ^ 
of Yoluma If the area of the cnrve is, say, 8*23 square 
inches, then the required volume is 8*23 x 40 = 329*2 cubic 
inches. We can thus obtain accurately the intermediate 
volume, and we have now all we require to draw the 
diagram. 

We shall first show how to draw diagram so as nominally 
to avoid any drop between the cylinders (though a small 
drop is usually caused by condensation and other effects, of 
which we cannot well take count) ; but it may be stated that 
it is generally impossible to secure this result unless some 
form of cut-off gear is fitted to the L.F. cylinder. This is 
not usually done, as it increases the first cost of the engine ; 
but it adds considerably to the economy when it is done. 
Suppose we have a boiler pressure of 95 lb. per square inch, 
and have provisionally determined the cylinders to be 10 
and 18 by 12. These may have to be subsequently modified 
if the diagram is not satisfactory, either because — (1) the 
total power is not correct ; (2) the total power is not 
correctly divided between the cylinders. 

(1) We can alter the totcU power either by — (i.) altering 
the cut-off in the H.P. cylinder, by which means we alter 
the pressures throughout the stroke ; (ii.) altering the 
diameter of the L.P. cylinder. 

(2) Now, we may also alter the proportion of the total 
power developed in the two cylinders in two ways : (i.) By 
altering the cut-off in the L.P. cylinder; (ii.) by altering 
the diameter of the H.P. cylinder. 

Now, by varying (2) (i.) we vary the drop between the 
cylinders, and if it is correctly adjusted we can do away 
with the drop altogether. Hence the best thing to do is to 
adjust the total power by means of (1) (ii.), using (1) (L) as a 
fine adjustment, and the relative power by means of (2) (ii.), 
and the drop by means of (2) (i.). 
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In case, however, we are limited to one valve in the L.P. 
cylinder, where an earlier cut-off than can be obtained with 
a single valve wonld be desirable, we mnst cnt off as early 
as possible, and do the best we can under the circum- 
stances. It will be subsequently shown how to modify 
the diagram to meet this case. It will generally be found 
that a smaller H.P. cylinder is necessary where no cut-ofi 
valve is used on the L.F. cylinder, in order that the power 
developed in the H.F. cylinder may not be excessive. It is 
impossible in practice to cut off before half -stroke when only 
a single valve is used ; indeed, it is necessary to increase the 
stroke of the valve and the lap very considerably even for 
this cut-off, if we are to get full area for steam and avoid 
excessive lead, which latter makes the engine very difficult 
to start, and is apt to cause bad " knocking " by producing 
reversal of stress too early, with disastrous effect on the 
connecting-rod brasses.''^ Such an early cut-off is out of the 
question in many cases, owing to the small size of the valve 
chest, which limits the possible throw of the valve. 

The following are the particulars of the engine for which 
we shall draw the diagram : Cylinders, 10 and 18 x 12 ; 
condensing ; volumes of cylinders — H.F., 943 cubic inches, 
L.P., 3,050 cubic inches ; boiler pressure, 90 lb. above atmo- 
sphere ; clearances — H.P., 6 per cent = 56*6 ; L.P., 8 per cent 
= 244. 

Volume of H.P. exhaust port... » 198 cubic inches. 

Connecting pipe = 460 „ 

L.P. valve chest (less volume 

of valve) = 392 „ 

Total inter, clearance 1,050 „ 

Let expansion be carried to 10 lb. per square inch absolute 
<t.e., total ratio of expansion equal 10), allowing for a drop 

* The author knows one en^ne where this effect is very pronounced. The 
brasses are a constant source of trouble, and have a very short life. 
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of 5 lb. between boiler and engine. Then initial Tolume of 
steam in H.P. cylinder 

= }^^ X 3294 = 329 4, 
100 ' 

since, as already shown, the same weight of steam enters 
the H.F. cylinder every stroke as is discharged from the 
L.P. cylinder. 

In this is included H.P. clearance = 56 '6. Hence, cnt-ofiT 
in H.P cylinder 

= 329:4 -56J6 ^272-8 ^ ,,, 3troke. about. 
943 943 ^^»*'^ » ^ ^ 

For convenience of reference, and to fix our ideas, suppose 
the engine vertical. 

We must first have a means of determining at once the 
total volume contained at any part of the stroke between 
the H.P. and L.P. pistons. The easiest way to do this is as 
follows : — 

Set oft A B, fig. 35, equal to the intermediate clearance, as 
above defined. 

AC = H.P. clearance. 

B D = L.P. clearance. 

C E =s working volume of H.P. cylinder. 

D F = working volume of L.P. cylinder. 

Describe the square E C G H, and complete the construc- 
tion shown in figure E F J K H. From this figure we can at 
once find the intermediate volume at any point of either 
stroke — say at two-fifths of the down stroke, thus : Make 
C L = two-fifths C K Draw L M vertical to cut one or 
other diagonal in M ; then N P represents the required 
volume. Similarly, the volume at three-fifths of the up- 
stroke is represented by Q R. Only common sense is 
required in selecting the proper points from which to 
measure. Take a convenient base line O O to represent 
absolute zero of pressure on a convenient scale, and set up 
O a to represent 14'7 lb. per square inch on this scale. 



COMPOUND DIAGRAMS. 




76 COMPOUND DIAGRAMS. 

Draw a a the atmospheric line. Set up S T to represent 
absolute initial pressure in H.P. cylinder— -i.e., 5 per cent 
below boiler pressure = in this case about 100 lb. per square 
inch. Set off T U = admission volume in the H.F. cylinder 
= 272'8 cubic inches. U then represents the point of cut-off. 
Draw the hyperbola U W with V O, V A as asymptotes. 
The line T U W represents the top line of the H P. card. 
The pressure at W will then be 

329 



999-6 



X 100 = 32-9. 



At the point W connection is supposed to be opened to the 
receiver, but as this is, by assumption, to cause no drop, it is 
clear that the pressure of the steam left in the receiver after 
the previous stroke must be the same as the pressure at W. 
The initial pressure in the L.F. cylinder will then be the 
same as at W, assuming that the exhaust in the L.P. cylinder 
has been cushioned at the proper point on the previous 
stroke. Transfer then the pressure W to X, as shown. Now, 
during the first part of the return stroke the product of 
pressure and volume of the steam in the receiver must be 
constant. At first the volume is O A, and the pressure h X. 
Hence, if we draw an hyperbola (dotted) through X,^ with 
CO, O E as asymptotes, this line will show the corres- 
ponding values of pressure and volume, the volume at any 
point of the stroke being taken from the figure at the top 
of the diagram, and the corresponding pressure being found 
by setting off the volume along O O, as at Om (which = 
K P), and finding the corresponding pressure, mn, Ip are 
then points on the curves. A number of these points may 
be determined, and the curves W c?, X Z drawn through 
them. If the paper is big enough, we may get these curves 
more directly ; for, since the curve X Z is such that any 
ordinate such as i I x N P is constant, and since N P is 
proportional to r P, it follows that r P x i I = constant ; 

* This line is not, of course, the admission line for the L.P. cylinder, but merely 
a curve for reference. 
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whence the curve X Z is an hyperbola, with tr^ r O as 
asymptotes where the line r^ is obtained in the manner 
shown in the diagram. The hyperbola W d may also be 
drawn with the same asymptotes, since r N is proportional 
to NP, or Wc? may be projected from the other curve. 
Now comes the question where this part of the curve must 
be stopped — that is to say, where cut-off takes place in the 
L.P. cylinder. This we shall decide by considering the state 
in which the steam in the receiver is to be left in readiness 
for the next stroke. The pressure at which it must be left 
is clearly the pressure of W. After the L.P. steam port 
has closed, the advance of the H.P. piston compresses the 
remaining steam into the receiver, and therefore, since b 
must be a point on the compression curve, it is clear that the 
remaining portion of the H.P. card must be an hy2)erbola 
through 6, with e B, e O as asymptotes, cutting the other 
curve in d. Hence d Z are the corresponding points at which 
the L.P. valve must cut off steam* 

The L.P. card can now be completed by drawing through 
Z the hyperbola Z/, with e B, e O as asymptotes, and 
drawing the back-pressure line horizontaL 

This construction shows both cards as entirely made up 
of hyperbolas, as follows : — 



Portion of card. 


Asymptotes. 


TU 


and line at infinity. 


UW 


and V A. 


Wd 


and t r. 


db 


and e B. 


XZ 


and t r. 


Z/ 


and e B. 


9» 


and line at infinity. 



The cards may be very rapidly drawn if this is borne in 
mind. 
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Next find the area of each of these curves. 

(1) Add them together, and compare with the power 
required. For safety, this sum should be at least 10 per 
cent in excess of the requisite power, after allowing for 
mechanical efficiency. 

(2) If there is any considerable difference in the areas, 
proceed as before explained to alter the volume of the H.P. 
cylinder. 

The approximate amount of alteration can be estimated 
by drawing a few continuations of these diagrams, as shown. 
The figure shows how to do this in the case when the H.P. 
card is too small."^ The curves must be modified in this way 
till they are approximately equal. The volume x x oi the 
H.F. cylinder can then easily be found by measurement, and 
its diameter calculated. 

From the diagram, fig. 35, given on page 75, it is easy to 
see what effect the size of the intermediate receiver has on 
the indicator cards. If we increase the length of A B, we 
clearly (I) cause the hyperbola dh to rise less rapidly 
towards the right, or, in other words, to fall less rapidly 
towards the left. This tends to move the point d^ and 
therefore also the point Z, towards the left, which tends to 
make the cut-off earlier in the L.P. cylinder ; (ii.) on the 
other hand, we cause the line ^ r to move towards the left, 
thereby causing W c? to fall less rapidly towards the right, 
which has an opposite effect on the point Z. Of these two 
contrary variations, (i) will be found, and may easily be 
proved, to have the greater effect The net result is, therefore, 
that the larger the receiver the earlier will be the cut-ofi^ and 
vice versa. When the receiver is very large, the L.P. cut-off 
will be nearly the ratio of the cylinders, and when there is 
no receiver cut-off occurs at the end of the L.P. stroke. The 



* The whole of the actual construction is not shown in fig. 35, for want of space, 
and to avoid confusion of the figure. Another complete rectangle would have to 
be drawn, and other diagonals of the L.P. rectangle, which would throw the 
dotted vertical line further to the left. Enough is, however, given to show the 
method of procedure. 
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efiect of increasing the receiver is also to diminish the range 
of pressures in the receiver, which secures a thermal 
advantage. When the receiver is infinitely large, there is no 
variation of pressure in it, and the cards are then precisely 
the same as in the case of the ideal engine first described, pp. 
50 — 52, fig. 26, the back pressure in the H.P. cylinder and the 
admission pressure in the L.P. cylinder being constant and 
equaL Now, as we are usually, in a tandem engine, limited 
to a single ordinary slide valve, it becomes necessary to find 
the earliest practicable cut-ofifin the L.P. cylinder. This is 
usually somewhere between ^ and § stroke. We have then 
to determine the suitable volume of receiver. If the engine 
is not a quick-running one, it is sometimes possible to make 
the receiver of the size found by this construction, but if 
the engine is a high-speed one, it is usually impossible to 
get it small enough, owing to the large size of the connecting 
pipe and passages. Care must be taken in designing the 
L.P. valve chest that the steam has free access from the 
connecting pipe to the remote port of the valve face. One 
frequently meets with designs in which the L.P. valve 
either partly closes up the admission pipe at one end of its 
stroke, or so fills up the valve chest that there is not 
sufficient area between the valve and valve-chest cover for 
the steam to get free access to the port remote from the 
steam pipe. Sometimes both of these faults exist in the 
same engine. In many cases it is necessary that the 
admission pipe should join the valve chest in an ellipse — t.e., 
merge from a circle at the flange into an ellipse, in order 
not to be partly covered by the valve. Assume any arbitrary 
distance for A B (on which we shall have to find the actual 
position of B), and make the same construction as before as 
far as the point W in the H.P. card. 

When the earliest practical cut-off in the L.P. cylinder has 
been found and marked off by a vertical line on the assumed 
L.P. card, the final pressure in the L.P. cylinder must be 
calculated, and the point/ must be marked ofi* to correspond, 
and the hyperbola Z/ drawn backwards to cut this vertical 
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This gives the pressure at cut-ofi[l Find the corresponding 
point d on the H.P. card by the intersection of a horizontal 
through Z and the vertical which marks the position of the 
H.P. piston, when the L.P. piston is at Z. We have then two 
points, W and d^ on an hyperbola, and one of its asymptotes, 
O O, given, and are required to find the other asymptote, t r. 
Make a horizontal rectangle with W d^ at two of its corners. 
The point where the line joining its other two comers cuts 
O O will be on the other asymptote t r, which can then be 
drawn and the point where it cuts GE found. Through 
this point draw a line parallel to the diagonal D J of the L.P. 
rectangle. The actual position of the point D on the line 
A B is thus found, from which we have the volume A B of 
the intermediate clearance required to correspond with the 
given cut-off in the L.P. cylinder. As has been already said, 
this will usually result in a clearance smaller than can be 
obtained with a quick-running engine of the ordinary type. 
If so, keep the clearance as small as possible, and find the 
line t r. Draw the hyperbola Z X backwards, and the 
difierence in height between the point where the hyperbola 
U W cuts O E and X will give the drop in pressure much 
more simply than it can be obtained by the long row of 
simultaneous equations usually given for this purpose. 
The curve d h can also be drawn as before, showing the 
receiver pressure just before H.P. release. 

The point of compression in the L.P. cylinder can be 
found (so as to leave the steam on the L.P. clearance at the 
beginning of the stroke at the same pressure as that in the 
receiver) by drawing an hyperbola through X, with 
asymptotes e B, e O, to cut the back-pressure lina Thus 
the inside lap of the L.P. valve can be determined from the 
elliptical diagram already drawn. But it must be observed 
that a great amount of compression makes the engine very 
difficult to start, and if the engine is a large one, and has to 
be frequently stopped, this is a very serious drawback unless 
some special form of starting gear is supplied in addition. 
It is better, therefore, not to compress quite so early as this 
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unless the engine is small and the pressure and the speed 
both high, in which case starting is usually a very easy 
matter, though the engine has always to be " barred round '' 
into a starting position — i.e., well over dead centres. 

Oranks Opposite. — The principle of the above diagram is 
easily applied to the case of cranks opposite, which is a 
favourite form for high-speed engines which have to be 
carefully balanced. The reason for this will be discussed 
in a future chapter. There is this difference between a 
tandem-engine diagram and that of an engine with cranks 
opposite, that in the latter the lines DJ, FE are not 
straight, owing to the effect of obliquity, but must be found 
by the following construction. Also the steam from the top 
of the H.P. cylinder expands into the top of the L.P., and 
that from the bottom of the H.F. into the bottom of the L.P. 

The lines D J, F E are obtained as follows : Draw two 
concentric circles, fig. 36, whose diameters are, if possible, 
equal to, but in any case some simple sub-multiple of the 




Fio. 36. 

lines £ C, D F. Let these represent, to different scales, the 
paths of the respective crank pins. Take the lengths of 
the corresponding connecting rods H Px, L Qx respectively 
to the same'soales as their crank circles are drawn. Take a 
number of corresponding positions (such as H L) of the two 
pins, and by a construction similar to that explained in 
Chapter IL find the positions of the pistons in the cylinders. 
7d 
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Then it is clear that the lengths A P, C Q give the volumes 
of the steam in the respective cylinders. To find the points 
on the diagram corresponding to the positions shown on 
fig. 37, take a point N, fig. 37, on the straight diagonal C H, 
such Uiat N M = A P, fig. 36, the rest of the construction being 
precisely as in fig. 35. Make I R = C Q. Then R is a point 
on the curve FK, and the length NR will, as before, 
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Fig. 37. 

represent the volume between the pistons at this particular 
point of the stroke. Other points may be found in the 
same way, and the curves D J, F K drawn through them. 
Care must be taken that the corresponding volumes con- 
sidered are the volume behind the H.P. piston (i.tf., on the 
exhaust side of), and in front (ie., on the admission side) of 
the L.P. Take one pair of diagonals EG, D J for the 
downstroke, and the other pair for the upstroka 

It is clear that the curves W (/, X Z, of fig. 35, will not now 
be hyperbolas, but points on them must be found by 
calculation, as follows : At the moment of release the 
volume is represented by E D, fig. 35, and the pressure by 
O W. Now, the curve W d must be such that, at any point 
p on it, the volume N P x the pressure m n is equal to the 
product of E D and O W. It will easily be seen that it is 
unnecessary to trouble about the scale of volumes and 
pressures to get this curve. Measure E D, O W in inches, 
and multiply the lengths together on the slide rule, and 
divide by the length of N P. This gives the actual height 
on the diagram of the points p and I above O O ; other points 
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on the curve can be similarly calculated, and the whole curve 
drawn. The line d h is, of course, drawn as before. 

Oranks at Right Angles — Exactly similar principles 
govern the drawing of diagrams for cranks at right angles, 
but this diagram is somewhat confusing, owing to the 
peculiar relative motion of the pistons. This motion must 
be found by a construction similar to that of fig. 36. Suppose 
that, as usual, the H.P. crank leads. Draw two straight 
diagonals, as before, across the H.P. rectangle, and find by 
construction, as at fig. 39, the positions of the L.P. piston 
corresponding to several points on these diagonals. Plot 
the volumes off, as before, in the L.P. rectangle, taking great 
oare that the L.P. volume so represented is the volume of 
steam driving the L.P. piston corresponding to the assumed 
position of the H.P. piston. Thus on the upstroke of both 
pistons (the H.P., of course, leading), at the point L, the 
exhaust volume in the H.P. cylinder is M N, and the volume 
of the steam driving the piston in the L.P. cylinder is Q P. 
This is the point corresponding to the positions shown at 
fig. 39. The curves of position of the L.P. piston will then 
be distorted elliptical figures, as shown in the diagram. 

When these have been drawn and labelled upstroke or 
downstroke, as the case may be, draw the H.P. admission 
and expansion curves. Consider the downstroke of the 
H.P. piston. At the end of this stroke at W the L.P. piston 
is about half way on its downstroke at R, and is not in a 
position to receive steam. Connection is opened from the 
top of the H.P. cylinder to the receiver, the pressure in 
which at this point is to be the same as that in the H.P. 
'Cylinder at the end of the stroka Hence the first part of 
the return stroke of the H.P. piston compresses the steam 
into the receiver, and the indicator describes the curve W /?, 
which is an hyperbola with 0, « B as asymptotes. The 
larger the receiver the less the rise of pressure, and since 
excessive changes of pressure in the receiver are undesirable 
on account of the tendency to wet the steam supplying the 
LP. cylinder, it is customary to fix the minimum volume of 
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receiver as the volume of the L.P. cylinder. At about half 
stroke of the H.P. cylinder the L.P. valve admits steam to 
the L.P. cylinder, but at this point and for a short time 
lifter wards, the volumetric velocity of the n.P. piston being 
greater than that of the L.P. piston, the pressure in the 
receiver continues to rise, though more and more gradually, 
as the volumetric velocity of the L.P. piston increases. The 
line of pressures becomes parallel to O O at the point T, 
where the volumetric velocities of the two pistons are 
equal, after which it commences to fall. Points on the curve 
must be calculated exactly as explained above, the volumes 
being measured off from between the H.P. diagonal and the 
corresponding L.P. ellipse at the top of the figure, as at M P. 
The L.P. valve opens to the receiver at the point X, at 
which time the exhaust volume on the H.P. cylinder is fh. 
Hence the total volume of steam about to expand is at this 
instant /a:, which length measured in inches, multiplied by 
the length h X, gives the equivalent of the product of such 
corresponding pairs of lines as MP, mn. Cut-off should 
take place in the L.P. cylinder at the point d Z, where the 
line of pressures has fallen to the same height as the point 
W. The pressure in the receiver is then left the same as 
the final pressure in the H.P. cylinder, thus avoiding drop 
in the succeeding strokes. Cut-off should always, where 
possible, take place in the L.P. cylinder before the other end 
of the H.P. cylinder exhausts, otherwise it is impossible to 
prevent drop of pressure, as it always is when there is only 
one ordinary slide valve driven by an eccentric for the L.P. 
cylinder. In this case there will be a sudden rise of pressure 
in the L.P. cylinder near half stroke, as shown in dotted 
lines in the fi^ura It is therefore always desirable to have 
H variable cut-off gear for the L.P. cylinder, though it is not 
usually done on account of first cost It is desirable to draw 
two such diagrams, one for each end of the cylinders. The 
points of cut-off, <&a, having now been fully determined, the 
valves can be accurately designed in accordance with fore- 
going principles. 
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In fig. 38 it is evident that the work done in the L.P. 
cylinder is considerably greater than that done in the H.P. 
cylinder. In this case, therefore, it is evident that the 
H.P. cylinder must be considerably increased in volume. A 
high boiler pressure necessitates a high rate of expansion in 
the n.P. cylinder, in order that equality may be established 
between the work done in either cylinder. Many authorities 
assert that a higher rate of expansion than 3 cannot be 
advantageously conducted in one cylinder, which, of course, 
would limit seriously the use of compound engines as against 
triple-expansion for pressures above about 75. 

The principles here explained can be easily applied to 
the case of triple-expansion engines, which therefore needs 
no further explanation. 



CHAPTER VI. 

Flywheels. 

An engine flywheel is in reality a governor which prevents 
rapid fluctuations of speed in an engine. Its function is to 
limit the amount of variation of speed which would take place 
in one revolution, owing to the fact that an ergine cylinder 
with piston and connecting rod does not furnish a uniform 
supply of power during one revolution. For instance, at 
the moments when the engine is passing dead centres the 
steam is doing no work at all, since the piston is at rest at 
these points, while at some other parts of the stroke the rate 
of doing work is much greater than the mean. When a fly- 
wheel is running at a certain velocity Vi, it contains 
a certain definite number of foot-pounds of work, which 
can be easily calculated. If its speed is altered to T^ 
by the action of any accelerating or retarding force, the 
amount of work it contains increases or diminishes, as th» 
case may be, and the amount of work it absorbs or gives 
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ap in this process is the difference in the amounts of work 

it contains when running at Vj and V2 respectively. It is 

imperative that the designer should know how to calculate 

the amount of work stored up in the flywheeL This is 

explained in every book on elementary mechanics. It is as 

follows : — 

Let M be the weight of the rim in pounds ; 

y its velocity in feet per second ; 

ft. 

g the acceleration due to gravity = 32 ^ ; 

sec< 

M X V^ 
number of foot-pounds = — — 

Of course, no flywheel can limit the rate of speed at which 
an engine runs. The most it can do is to limit the rate at 
which the variations take place — i.e., to prevent the engine 
from changing from a slow speed to a high one, or vice versa^ 
too rapidly. The heavier the flywheel, the longer time will 
such a change require. 

To estimate the weight of flywheel required there are, as 
usual, a rough approximate method, and a moie or less 
accurate one. The former is used in cases where no special 
uniformity is required, and the latter where a definite 
degree of uniformity is specified. 

1. Approodmate Method, — According to this method the 
flywheel must be of such a size and weight that when 
running at the normal speed it contoins an amount of work 
equal to some definite multiple of (usually 3^ times) that 
developed in the cylinders during one revolution.^ The 
following is a specimen of this kind of calculation : — 

H.P. » 12 ; revolutions per minute = 250 ; 
therefore work done in one revolution 

= 12 X ^000 ^ jgg^ foot-pounds. 
2o0 
We have first to guess at a suitable diameter for the wheel. 
The larger the wheel, the lighter may we make the rim, and 

* In veiy slow running engines half this amount of energy ia usually considered 
sufficient, otherwise the flywheel weight would be very large. 
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the weaker will it be. The draughtsman must rely on his 
eye to tell him when he has got a wheel of good proportions. 
It is usual to limit the velocity of a flywheel rim to a mile 
a minute, or 88 ft. per second at the outside ; for, although 
the tendency to burst the wheel does not depend solely on 
its velocity, it is found that the rim must be of unusual 
proportions if it is to run beyond this speed with safety. 
In making this preliminary estimate, we must be guided 
by experience. In this case since the speed is moderately 
high, and the power small, a small wheel will suffice, say, 
mean diameter, 2 ft. 6 in. 

Velocity of rim m {—) ^ 32 6 — 

Let X pounds be its weight. 
Its energy according to above rule is 

^x (32 6)2 ^ jg.g ^ foot-pounds. 

2 X 32 ^ 

Hence, since this energy must be 3^ times that developed in 
one revolution, we have 

16-6 a? = 3-5 X 1584 ; 

3*5 X 1584 „„^,, 
^ =— ^gg = 3351b.; 

volume of rim therefore = -?^ = 1290 cubic inches, 

U*2o 

since 1 cubic inch of iron weighs 0*26 lb. 

Now, the mean length of circumference of the flywheel 
rim is 30 X IT s 94 in. Sectional area is, therefore, 

i^p: = 138 square inches ; 

or, say 4J x 3J. 

The arms and boss of the wheel are here not taken into 
account They may be looked upon as furnishing a margin 
in favour of uniformity. In most engine shops a number 
of flywheel patterns are already in existence, and the 
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draughtsman has to select from these the one most suitable 
for his purpose, that is generally the next one larger than 
his calculated size. 

In some cases where uniformity of speed is not of 
consequence, much smaller wheels may be used (with a 
consequent saving of expense) especially as there are usually 
a number of rotating wheels, &a, driven by the engine which 
themselves act as flywheels. In every case the flywheel 
should contain at least as much energy as is developed in 
the cylinders in one revolution. 

2. Accurate Method, — This method does not depend on 
any empirical rule as the last does. It is to be used when a 
specified degree of uniformity has to be attained during one 
revolution. Thus it is often specified that the maximum 
variation of speed is to be not greater than 2\ per cent above 
or below the mean. Perhaps the best process to adopt in these 
cases is to compare, by means of curves, the twisting moment 
necessary, to keep the engine running while performing its 
work (this is usually taken as constant) with that produced 
by the action of the steam on the piston (which varies 
continuously) at each point of revolution. It is then easy 
to find (as will be presently explained) the amount of work 
which must be done by the flywheel in that part of the 
revolution during which the work done by the steam on the 
piston is less than that drawn off from the engine by the 
work that is being dona The flywheel must then be of such 
a weight that it ceui supply this defect of work without its 
velocity bsing reduced by more than the specified variation. 
In making this calculation, we may, if we please, include in 
in the calculation the arms and boss of the flywheeL They 
are, however, of small eflect compared to tiie rim of the 
wheel, and are generally neglected since any error they 
produce is in favour of uniformity. We shall, in a later 
chapter, show how the inertia of the moving parts affects 
the question. 

Having given this resume of what we are about to do, we 
shall proceed to draw the curve of twisting moment due to 
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the pressure of steam on the piston, treating this pressure at 
first as uniform, subsequently showing how it may be modi- 
fied to suit any proposed indicator cards. Instead of finding 
the twisting moment directly in pounds-inches, we shall find, 
at all points of the revolution, the magnitude of a force, 
which, acting on the crank pin at right angles to the cranky 
will produce the same twisting moment on the shaft as the 
actual force along the connecting rod does. As far as work 
done and driving force are concerned, we may replace the 
piston and connecting rod by this imaginary force. The 




Fig* 40. 

other component of the force due to these parts only 
produces stress in the engine and has no effect on the 
driving force. 

To find the actual magnitude of this imaginary force 
T at any point of the stroke such as P, fig. 40. 

Find the total force on the piston, say 2,760 lb. 

Determine what scale of forces we are to use, suppose we 
say 1 in. » 1000 lb. 

Describe a circle centre C, whose radius represents on this 
scale the force on the piston. In this case the radius of the 
circle will be 2'76 in. Let this circle represent, also to scale, 
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the path of the crlink pin, bo that 2*76 in. also represents 
the crank radius » 5 in., suppose. The length scale is then 

rod to this scala 

If the rod is, say, five cranks long, its length will on this 
scale be 13'8 in. Take P D, as usual, = 13*8 in., and produce 
D P to E, if necessary. If P is taken on the other side of 
the vertical, as at (j, this will not be necessary. The con- 
struction and proof are exactly the same wherever Pis 
taken. Then, we shall show that C E to our scale of forces 
is the value of the tangential force P T. In the case of the 
point Q, C N is the value required. First, describe the 
circle C F, as shown, draw P F horizontal and F G vertical 
and C H perpendicular to D G. Now, the triangle P F G is 
the triangle of forces acting on the crosshead pin (see any 
book on elementary mechanics), and since P F = P C = force 
on piston, PG represents the force in the connecting rod 
and F G the upward force due to the pressure of the slide 
bar. 

Now, the twisting moment due to the force P G is P G x 
CH. The actual value would be obtained by finding the 
actual length represented by C H (by multiplying the length 
of C H by the scale of lengths), and the actual value of the 
force P G (by multiplying its length in inches by the scale 
of forces), and multiplying the two together, thus — 

Twisting moment = P G x C H x scale of lengths x scale 

of forces. 
= PG X CH X ISin. x 1000 lb. 

Now, the twisting moment due to a force C E acting at P 
tangentially is in just the same way — 

CEx PC X 1-8 in. x 10001b. 
= C E X P F X l-8in. X 10001b.; 

and what we have to prove therefore amounts to this : — 

P G X O Hx l-8in. x 10001b.=CE x P F x l*8in, x 1000 lb. 

?>., PGxCH = CExPF. 
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Now, the triangles G P F, £ C H are similar, since all the 
angles of each are equal (for one angle of each is a right 
angle, and H E C = P G F) ; therefore 

PG , CE 
PF CH 

Therefore PGxCH = CExPF, which was to be 
proved. We can therefore find in the same way the total 
couple turning the engine at every point of the stroke. 
But this variable force acts along a circular path — the crank- 
pin circle — ^and if we plot its value at each point on the 
crank-pin circle unrolled, the area of the curve thus produced 
will give the amount of work done in foot-pounds, just as 
the area of the indicator card gives the amount of work 
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Fio. 41. 

done (see any book on mechanics). This is the curve we are 
about to draw. 

First calculate the actual circumference of the crank-pin 
circle. In this case it is 5 x 2ir « 31'42in. Select a con- 
venient scale, say, \ full size (we need not adhere to the 
original scale of lengths), and set off a horizontal line A B, 
iig. 41, 7'85 in. long as a base on which to draw the curve. 
Divide the circle of fig. 40 into a convenient number of 
equal parts, say 16, starting at "near dead centre," and divide 
the line A B into the same number of equal parts ; 
each point of division then represents one of the points 
on the crank-pin circle. Next draw in the centre line 
of the connecting rod corresponding to each of the positiou 
on the circle, and produce it (if necessary) to cut the 
vertical line through C in E. Now set off the length C E in 
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each case along the vertical to A B, iig. 41, at the oorres'- 
ponding point. Thus the value of C E shown in fig. 40, 
being that found for the second point on the circle, is set up 
at C E in fig. 41.''^ All the points being thus obtained, draw 
a curve through them, as shown. This is the curve of 
twisting moments, or, in other words, a curve showing the 
value of the tangential force FT at each point of the 
revolution. The area of each of the curves will be found to 
be equal to the area of the indicator card, as may easily be 
proved either from the principle of the conservation of 
energy or analytically by considering corresponding 
" elements " of each — t.e., thin vertical strips. 

Curve for an Engine using JExpanaion, — In the former case 
the pressure on the piston is constant. The indicator card in 
that case is shown in full lines in fig. 42. If, however, cut-ofi^ 
takes place before the end of the stroke, the process must 
be modified. The proposed indicator cards (dotted lines^ 
fig. 42) of the engine must be drawn for both ends of the 
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cylinder. Make the construction explained in connection 
with fig. 40 (i.6., draw in the centre lines of the connecting 
rod in each of its positions, and produce to cut the vertical) 
for all the points on the circle, the radius of the circle 
being the maximum pressure on the piston. Next find 
on the cards, fig. 42, the position of the piston cor- 
responding to each of the points of the circle (by the 



*Iii the original drawing, G£ in fig. 40 was made » G£ in fig. 41, but the 
drawings have been reduced in a different ratio. 
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crank circle-connecting rod construction we have so often 

used), and draw ordinates at these points, as shown in 

fig. 42. Calculate the total net pressure on the piston 

corresponding to each of these ordinates by deducting 

the corresponding back pressure, as found from the other 

card, and multiplying by the area of the piston. Set off 

these total pressures each along the corresponding crank in 

fig. 40. Suppose, for instance, we take the sixth ordinate 

on the return stroke — ie,, L S, fig. 42. The corresponding 

back pressure is HJ. Suppose LS is 073 in., and HJ is 

0*42 in., the difference between them is 0*31. Suppose the 

indicator spring is 

lb. 



lin. = 40 



in.^ 



This corresponds to a pressure per square inch of 0*31 x 40 
= 12*4. Suppose the area of the piston is 22*2 3quare inches, 
the total net pressure on the piston must be 12*4 x 28*2 = 
3501b. Make the same calculation for each of the sixteen 
ordinates. Now, referring to fig. 40, mark off on each of the 
cranks such as C E the corresponding value C K of the total 
piston pressure to the same scale as before. Now, if the crank 
pin were at K, and there were full pressure on the piston, the 
value of the tangential force would, as already explained, be 
C I, but since the force on the piston is less than this in the 
ratio of C K to C R, it is clear that the actual tangential 
force will be not C I but C M where K M is parallel to D I. 
Thus, from each of the points on the base we must set up 
the corresponding value of C M, and draw a curve through 
the points as before. We shall thus get the curve shown 
dotted in fig. 41 instead of the full curve. 

Combination of Curves. — If there are more than one 
cylinder acting on the shaft, curves must be drawn for each, 
and corresponding ordinates of each must be added together, 
and a curve drawn through the resulting points. Care must 
be taken that the pairs of ordinates added together represent 
the tangential force on the crank pin produced at the same 
instant by each cylinder. For instance, in the case of a 
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flide-by-side compound, where the H.P. crank leads, the H.P. 
piston is about half-way through one stroke when the L.P. 
piston is beginning its stroke ; hence ordinate 4 in the ILP. 
curve must be added to ordinate O in the L.P. curve, 5 to 1, 
6 to 2, and so on. 

Having then obtained the curve of tangential forces, it 
remains to show how it may be used. Suppose the toted 
work done by the engine (including, of course, that done 
against f rictional resistances in the engine itself) be repre- 
sented by the work done against a constant resisting force, 
acting tangentially against the crank pin ; or, if we like to 
express it so, suppose that the work done by the engine is 
represented by drawing up a weight by a rope wrapped 
round a drum keyed on the shaft, and whose diameter is 
that of the crank circla If the mean speed of the engine is 
neither increasing nor decreasing, it is clear that the magni- 
tude of this force or weight will be represented by the mean 
height of the two curves, fig. 41 — ^that is, the total work 
done on the weight during one revolution will be equal to 
the area of the two halves of the curve. If this were not so, 
for instance, the mean rate of work done by the steam were 
consistently greater than that done in raising the weight, 
the excess would be stored up in the engine and flywheel, 
and weight, in the shape of increased kinetic energy — that 
is, the speed would continually increase until the engine or 
flywheel gave way (provided, of course, the engine could get 
enough steam). 

Hence, if x be the weight, 

X X crank radius x 2 ir = area of two curves. 

This shows that the value x on our scale of forces is the 
mean height of the curves. Calculate, then, the value of a?, 
and draw a horizontal line W X Y Z, fig. 41, at this height 
above the base. Now, at the point W the steam commences 
to do more work on the piston than is absorbed by the 
work that is being dona As long as this is the case the 
engine will increase in speed — ^that is, up to the point X. 
Now, exactly at the end of the time during which the speed 
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is increasing, that speed must have attained a maximum 
value, for when the speed is not rising it must be either 
constant or falling. In the same way, exactly at the end of 
the time during which the speed is falling, it must have 
reached a minimum. During the interval represented by 
X Y, the force driving the crank pin is less than the force x. 
Hence the speed is a minimum at Y, and a maximum again 
at Z, and so on. Now, during the interval W X, the amount 
of work that has been poured into the engine by the steam 
is represented by the area wWEXx, which area is equal to 
the corresponding slice of the corrected indicator card. The 
actual amount of work in foot-pounds may be obtained by 
finding, as we have several times done, the area scale. In 
this case it is 1 square inch = 4in. x 10001b. » 4000 inch- 
pounds » 333*3 foot-pounds. Similarly, the amount of work 
drawn off by the external work in this interval is the area 
wWXx, whence the difference which is poured into the 
flywheel is WEX. Now, the speed is a minimum at W, 
and a maximum at X, and the difference between the energies 
of the flywheel in the two cases is the amount of work 
represented by WEX. Suppose this area is 1*64 square 
inches, representing 1*64 x 333*3 = 546 foot-pounds. 

The total variation of speed is to be not greater than 5 per 
cent of 250 ; or, say, 12*5 revolutions per minute. Fix the 
minimum at 244, and the maximum at 256. The rim must 
then be of such a weight that the addition of 273 foot- 
pounds of work to it, when it is running at 244, does not 
raise its velocity to more than 256. 

Let X be the required weight, and, say, 2*5 ft its diameter. 

Rim velocity at 244 - ^'^ ^ -^ ^^ « 32 ^*- 



60 sec. 

Energy at 244 - ^^^l^ ^ ^^ ^' 

Velocity at 256 = 2*5 x j x 256 _ 33.5 ft 

60 sec 

Energy = ^Jf||^ = IT* x. 
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Hence, 17 5 ic - 16 a: = 546. 

1*5 X = 546 
a; = 364 lb. 

In case we are required to be more accurate still by 
including the weight of the arms, &c., of the wheel in the 
calculation, we must find the moment of inertia of the 
flywheel about its axis in lb. ft^ This can be done by a 
construction described in the author's book on " Graphical 
Calculus." The energy is then \gl w^, where w is the 
angular velocity in radians per second, and I is the moment 
of inertia. In the case of a flywheel, an approximation 
which is sufficiently accurate for all practical purposes is 
embodied in the following rule : Calculate the weight of 
all the arms, divide by 4, and add to the weight of rim. 

The effect of the moving parts of the engine can also be 
measured by methods explained in the work referred to 
above, but in practice it would be a useless refinement 
to take count of them. 



CHAPTER VII. 
Theory of the Inertia of Moving Parts. 

It is well known that when an engine is running rapidly it 
causes, or tends to cause, more or less violent shaking of the 
foundations to which it is bolted. In some cases the 
shaking of even very heavy and rigid foundations is so 
severe as to prevent the use of the engines altogether, 
owing to the annoyance to residents and damage to 
property in the vicinity. Thus, at the central electric 
lighting station at Manchester Square, London, the shaking 
due to this cause was so great that the engines of large 
power had to be replaced at huge expense by steam turbines. 
These effects can be partially, but only partially, counter- 
acted by what is called ^* balancing," the meaning of which 
8d 
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term will appear as we proceed. It will be readily under- 
stood that part of this effect is due to the rotation of the 
crank shaft if this is so made that (1) its centre of gravity 
does not lie on the centre line of the shaft ; (2) its axis of 
rotation is not a " principal axis." Just as a stone being 
swirled round at the end of a piece of string causes a 
centrifugal pull upon the string, so the swirling round of 
the crank shaft of an engine causes a pull upon the 
foundations, the direction of which continually varies. 

In order to obtain clear ideas of the cause of this pull, 
and to understand the additional effect of the reciprocation 
of the moving parts, we shall briefly analyse the motions. 

If a stone weighing, say, 3 lb. is moving in the direction 

A, fig. 43, and, say, two seconds afterwards is moving in 
direction B with the same velocity, the change being due 
to a constant force x pounds acting on the stone in direction 

B, it is easy to find the value of x as follows : The total 
change of velocity is 4 ft. per second in direction B ; for a 
change of 2 ft. per second brings the body to rest, and a 
further change of the same magnitude gives it the opposite 
velocity B. This change of velocity takes place in two 
seconds. The change of velocity per second is therefore 
2 ft. per second, and the force is 

mass X acceleration 3 x 2 ii s iu 
-g ^ ^2-'*'- = "^^- 

Now, this method will also apply in the following case : 
Required the value of the force acting always parallel to B, 
fig. 44, which will, in two seconds, change a velocity P of 4 ft 
per second into one of the same magnitude in direction Q. 
Now, a body having velocity P of 4 ft. per second is moving 
towards the line R S at the rate of 2 ft. per second, and, if 
with velocity Q, away from the line with the same velocity. 
To find the force perpendicular to this line required to 
produce this change in two seconds, we have to find the 
necessary change of velocity per second towards or away 
from R S— that is, parallel to B. Clearly this is, as before, 
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2 ft. per second every second, and the force is therefore 
the same as before, viz., rVlb., acting always parallel to 
B. Now, this is precisely the method adopted in finding 
the value of a force which will keep a stone or other 



B 
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body swinging round in a circle with a constant velocity, 
but we have to take the angle between P and Q as extremely 
small in order to calculate the force. Take a numerical 
example : C A, fig. 45, is a piece of string 3 ft. long ; A is a 
stone weighing, say, 71b. A and B are supposed to be 
extremely near together, but are shown in fig. 45 some 
distance apart, for clearness sake. 

Suppose the angles D C A, D C B to be each '001 radian ; 
that is, 

DB AD 



CB CA 



= -001. 



Suppose the velocity with which the stone is moving to be 
6 ft. per second, and represented by A E at the beginning of 
the interval, and B H at the end. The angular velocity is 
then 7 = 2 radians per second.* Distance from A to B along 



* If this be not understood, see definition of a " radian" in any book on elemen* 
tary trigonometry. 
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the circle = 002 x 3 f t = '006 ft. Time occupied by the 
stone in travelling from A to B 

= distance „ jWG ^^^ ^ ^ ^^ ^^^^ 
velocity 6 

Now, in this time the change of velocity away from line 
R S has been 2 E F, f or if a body travels from A to E in 
1 second, it moves towards R S at the rate of F E in 1 second, 
and FE = GH. Now, E F = '001 x 6 = -006 (since angle 
FAE = DCA = -001 radian, and E F is indistinguishable 
from a circular arc when these angles are very small). 




Fio. 45. 



Hence the rate of change of velocity in direction D C is 
2 E F = "012 ft. per second in '001 second— t.c., acceleration 
parallel to D (see note on next page) 

_ total chang e of v e locity __ '012 _ ^^ r^. 



time occupied 



•001 



per sec. per sec. 
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and force in direction D C required to produce this accelera- 
tion in a mass of 7 lb. must be 

7 X 12 ^ 84 ^ 21 ,, 
32 32 8 

We should have obtained the same result whatever angle 
we had fixed upon for A C D, provided it is so small that 
E F is indistinguishable from a circular arc having A as 
centre. The student should convince himself of this by 
taking a different angle for D C A.^ 

Now, in order to make this reasoning general, we have 
only to use symbols instead of figures. 
Instead of 7 lb., use m, 

„ 6 ft. per second, use v = A E » B H. 

„ '001 radian, use dB ^ angles D C A, D C B, &c. 

„ 3 ft, use r = C A. 

Angular velocity then ^- =2 w^ suppose. 

r 

Distance from AtoB»2rc?^. 

Time required to travel from A to B = 4l?*?^ = ^JlAl . 

velocity V 

Length of E F = t; c? ^. 

Change of velocity per second = " centripetal acceleration " 
_ total change of velocity _ 2 vd6 __ v^ 
time occupied 2rdB r 

V 

The direction of this acceleration is along the radius. 
Force parallel to D C required to produce this change 

= ; or, since - = w. 

gr r 

gr 9 

which latter form is much easier to use. 

* This reasoning is only absolutely tame and free from all approximation ''in 
the limit" when D A is taken infinitely small, for in that case (1) the radius Is 
always infinitely near to DC, (2) FE is infinitely near to vdO. It is an 
approximation, but an extremely close one, when D A is very small, but finite. 
Two quanttties are said to be mathematioally equal when they only differ by an 
infinitely small, quantity. Such a quantity is called a " vanishing quantity," or 
" Bero quantity," in the limit. 
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The value of w may be calculated thus : w = radians per 
second » revolutions per seconds x 2 ir, since there are 2 v 
radians in one revolution. This digression into elementary 
mechanics has been made because this principle of centri- 
fugal force is often not understood, and there is no hope of 
understanding what follows unless it is perfectly familiar. 
To calculate, then, the centrifugal force of any body moving 
in a circle, use the following formula : — 



force 



weight X (revs, per sec, x 2ir)g x radiasinfeet 

32 



The radius used must be that of the path of the centre of 
gravity, as may easily be proved by the application of the 
integral calculus. Thus, when the crank illustrated in 





Pig. 46. 

fig. 46 revolves in its bearings, the centrifugal force on each 
of the shaded parts of the cranks and the pin can be 
calculated separately and added together to find the total 
force on the bed plate.* The resultant force at any 
instant will act through the centre of the pin parallel to the 
centre line of the cranks. This is the first force with which 
we have to deal 

The next force we shall consider is that due to the recipro- 
cation of the piston and connecting rod, which we shall at 
present treat all together, neglecting the lateral swaying of 
the connecting rod. First suppose a horizontal engine is 

* See the remarks on this subject given in connection with fig. 67, on page 128. 
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being driven by a belt at its ordinary speed, without any 
steam being admitted. Now, jast before [the pin reaches 
either dead centre these parts are moving in one direction, 
and just after that point is passed in the opposite one. 
There moat, of course, be some horizontal force acting on 
them to produce this effect. This force is supplied to the 
parts through the crank pin. Now, the crank pin cannot 
pull these parts about in this way unless it is itself pulled 
by something else, any more than a hydraulic jack can lift a 
boiler without being firmly supported on the ground. The 
jack presses the ground down just as hard as it lifts the 
boiler up, and, over and above centrifugal and gravitational 
forces, the crank-shaft bearings pull the crank pin in a 
horizontal direction just as hard as the crank pin pulls the 
piston, &o., so that ultimately the real force that moves 
the reciprocating parts comes from the resistance to 
motion, or inertia, of the foundations, if we consider them 
as separate from the earth as a whole. The moving 
parts cannot acquire any momentum without the founda- 
tions at the same instant acquiring an equal and 
opposite momentum. It is these vibrational mov^ements 
of the foundations which have to be guarded against 
as far as possible. Speaking generally, the method adopted 
is to so arrange the moving parts of the engine that when 
one part acquires a momentum in one direction, some other 
part of the engine itself acquires an equal momentum in an 
opposite direction, so that the foundations do not have to 
take up more of the surplus momentum than is absolutely 
necessary. If this is done, the reactionary force which 
produces these equal and opposite momenta comes from a 
stress in the bed plate, so that the engine is, as it were, self- 
contained in respect of its momentum. If balancing is 
done perfectly, the engine theoretically requires no founda- 
tions at alL Foundations, in fact, act as a sort of reservoir 
of momentum ; they cannot do so without vibrating, any 
more than a flywheel can act as a reservoir of energy 
without changing its velocity. 
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Now, since momentum = mass x velocity, it is clear that 
if the foundations take up a given quantity of momentum, 
the greater their mass* the smaller will be the velocity 
generated. If the foundations have very small mass, as in 
the case of a portable engine, we must be especially careful 
to reduce the momentum that has to be taken up — that is, 
the engine must be carefully " balanced." 

It is rather more difficult to understand the effect when 
steam drives the piston. Here one might be tempted at 
first sight to think that the steam pressure would supply 
the force necessary to move the piston, <&c., without drawing 
on the reservoir of momentum constituted by the founda- 
tions. It must not, however, be forgotten that when 
pressure steam acts upon the piston it also acts upon the 
cylinder cover. A certain proportion of the pressure of 
the steam on the piston is absorbed in increasing the velocity 
of the reciprocating parts. This absorbed force never 
reaches the crank pin until the velocity of the parts is 
again reduced. Suppose, for instance, that at a certain 
point near the commencement of the stroke the total force 
on the piston is 2,000 lb., the weight of moving parts being 
62 lb., and their acceleration 120 ft. per second. The force 
required to produce this acceleration is then 

62_x_120 ^ 232 11, 
32 

This force is absorbed by the piston, <&a, in exactly the 
same way as a cannon ball absorbs the whole of the powder 
pressure. The remainder of the force — viz., 1,768 lb. — is the 
horizontal force which acts on the crank pin, and is 
transmitted through the bearings to the bed plate as a 
forward forca Now, the steam in the cylinder, in addition 
to pressing the piston forwards, also presses the cylinder 

* A great mauy engiaeers have a strong objection to the word " mass." It has, 
nevertheless, a definite meaning, which is fundamentally different from that of 
the word "weight." The subject cannot be treated scientifically without 
distinguishing between the two words. The student is referred to Chapters II. 
and III. of Hicks' " Dynamics," where he will find the difference fully explained. 
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cover backwards (just as the explosion in a gun generates 
the backward pressure which prod aces the recoil). The 
magnitade of this pressure is 2,0001b. This again is 
transmitted through the cylinder bolts to the bed plate, so 
that we have acting on the bed plate a forward force of 
1,768 lb. and a backward force of 2,000 lb., the difference — 
viz., 232 lb. — tending to move the bed plate and foundations 
backwards, and thereby generating in them a backward 
momentum. This is, as may easily be seen, precisely the 
same force as would act on the bed plate if there were no 
steam acting on the piston, as in the first case we considered. 
We have therefore a total net longitudinal stress of 1,768 lb. 
in the bed plate itself, the forward push and part of the 
backward push being here neutralised as far as production 
of momentum is concerned, while the balance of momentum 
is neutralised from the foundation reservoir. 

It will be thus seen that we have two sets of forces to 
deal with : (1) Centrifugal forces, due to the swinging round 
of the cranks, crank pin, and part of the connecting rod. 
These forces act in the central plane of the engine in the 
direction of the centre line of the crank, which direction 
rotates continuously. (2) Inertia forces, which act always in 
the direction of the piston rod, and opposite to the direction 
of acceleration of the moving parts ; that is to say, when 
these parts have a forward acceleration the inertia force 
acts backwards, and vice verid. 

Both these forces tend to pull the foundations in the 
direction in which they act We shall show in the next 
chapters the best way of dealing with them. 
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The inertia of moving parts of an engine has also an effect 
on the carve of twisting moments, which becomes of great 
importance in high-speed engines. 

We showed in the last chapter that a certain proportion 
of the steam pressure acting on the piston is absorbed in 
increasing the velocity of the reciprocating parts daring 
about the first half of the stroke. During the remaining 
part of the stroke these parts are gradaally brought to rest. 
In this process the kinetic energy stored in the moving 
parts is utilised in doing work on the crank pin. There is 
no net gain or loss of work due to this cause^that is to say, 
exactly the same amount of work as is absorbed or stored 
in the parts daring the first half of the stroke is restored 
during the last half. The work so transferred is taken out 
of the steam when it can best afford to lose some energy, 
and is carried forward to help the expanded steam when it 
needs it, tending therefore to equalise the effective pressure 
throughout the stroke. 

To determine^ then, the exact twisting moment, we shall 
hare to make allowance for this extra force due to accelera- 
tion or retardation of the piston, r&c. This process is called 
"correcting the indicator card for inertia." We shall then 
have to ilraw the curve of twisting moments from the 
oorrecti'd card, exactly 'as we have already done (fig- 41) 
from the uncorrected one. 

The et^i^jt of inertia at any point of the stroke is usually 
estimated in pounds per square inch of piston area. Thus, 
find in an engine whose cylinder diameter is 10 in., 
square inches, by 8 in. stroke, and whose 
normal speed is 600 revolutions per minute, that the force 
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required to accelerate the moving parts is 1,326 lb., at, say, 
§ stroke ; then, if the steam pressure were 

^-— = 171b. per square inch, 

the whole of that pressure would be absorbed at that point 
in accelerating the moving parts, and, therefore, if the actual 
pressure in the cylinder at this point is 921b. per square 
inch, the actual effect on the crank pin will be the same as 
would be produced by a stationary pressure of 

92 - 17 = 76 lb. per square inch. 

Thus, if the accelerating or retarding pressure be calculated, 
as will presently be explained, for several positions of the 
crank, and this pressure be deducted from, or added to, the 
pressure, as shown at the same point on the indicator card, 
we can draw a new indicator card showing the corresponding 
value of the stationary pressure at each point. 

It is perhaps more straightforward and convenient to first 
deduce from the proposed actual indicator card another 
diagram, by altering the heights of the card at its various 
points in a fixed proportion, such that the heights of the 
new diagram show on a different scale the values of the total 
pressures on the piston, and deducting from, or adding to, 
each ordinate a length which gives on the same scale the 
corresponding value of the total force required to accelerate 
or retard the moving parts ; the net stationaryfforces may 
then be transferred direct to the radii of the circle* in fig. 40 
without any calculation. 

It remains, then, to explain a construction whereby the 
acceleration may be exactly found at any part of the stroke. 

Calculate the value of w^ r, or, what comes to the same 

thing, — , for the normal speed of the engina This gives, 
r 

as explained in the last chapter, the centripetal acceleration 

of the centre of the crank pin. 

As an example, take the case of the 10 x 8 engine referred 



108 



INESTIA DIAGBAHa 



o above, mnning at 500 reyolntions per minnta Length of 
crank = 4in. = j^ft^ 



Then 



%o^ T — (revs, per sec. x 2 t)^ x J 

/500 o \^ 1 
ViH) / ^ 

= (62-3)2 X J 
= 911 ^®®* 



sec. 



Draw a circle X Q X^ Q^ (fig. 47) whose radios to some 
cale represents 91L Treat this circle as the crank-pin 




Fig. 47. 



circle. Divide it into, say, 16 equal parts. Find the position 

of the connecting rod corresponding to each of these points. 

Make the following construction for each of the points : 

The points we have selected for illustration are the third 
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and the eleventh, counting near dead centre as one. Each 
of these are correspondingly lettered, the latter being 
dashed. 

Produce P Q to H, draw H E horizontal to meet the crank 
produced if necessary, draw ES vertical to meet the 
connecting rod, and draw ST, perpendicular to the con- 
necting rod, to the line of centres. Then C T represents the 
acceleration of the piston to the same scale as C Q represents 
the centripetal acceleration of the crank pin. 

To completely understand the proof of this proposition 
requires a somewhat more thorough knowledge of mechanics 
than is assumed in this book. It may be briefly indicated 
as follows : — 

C H represents the velocity of P to the same scale as C Q 
represents the velocity of Q. This may be proved from the 
fact that at the instant during which the crank is in the 
position CQ the connecting rod has the same motion as 
regards the velocity, but not the acceleration^ of its ends, as it 
would have if it were turning about the point L as centre 
Therefore 

velocity of P _ LP _ CH 



Thus, 



velocity of Q LQ CQ* 
velocity of P = CH X Y?locityolQ ^ 



which, imagining the drawing full size, = C H te^ where w = 
angular velocity of crank. Hence, differentiating, 

acceleration oiV = w x rate of increase of C H . . . (a). 

Now, the upward velocity of H (= rate of increase of C H) 
is compounded of a motion H K perpendicular to L H, and 
a sliding K N along H P ; hence L M H is similar to the 
triangle of velocities of H turned through a right angle, 
whence 

upward velocity ofH^LM_CT 
velocity of Q LQ ~ CQ* 
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flinoe the figures M L Q H and T C Q S are similar. Henoe, 

w velocity of H _ G T 
w velocity of Q C Q 

Therefore, from (a) above, 

acceleration of P CT 

centripetal acceleration of Q C Q ' 

since to x velocity ofQ = ti^ x wr = centripetal acceleration 
ofQ. 

When the point T is on the right of C the acceleration is 
negative ; that is to say, the piston is being retarded, and 
the pressure on the crank pin is therefore greater than is 
produced by the steam pressure. 

This construction fails at either dead point, as will be 
found by trial To find the acceleration at either dead 
centre, describe a circle on the corresponding connecting 
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rod as diameter, and with point X (the crank pin) as centre 
and X as radius, describe the circle Y C Y. Join Y Y. 
The point where this line cuts the linejof centres will give 
the point required. 

This latter is a particular case of a beautifully simple 
construction, which, however, is not in practice so convenient 
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to work as that already given, owing to the confusion intro- 
duced by the large number of circles that have to be drawn ; 
it is as follows : — 

To find the acceleration at the point F, fig. 48, draw a 
circle on the connecting rod as diameter, and another with 
F H as radius. The common chord of these two circles cuts 
the line of centres in the same point T as is obtained by the 
other construction. 

Now, we may calculate from the acceleration the force 

required to produce it by multiplying by — where M is the 

if 

total weight of reciprocating parts and g the acceleration 
due to gravity — i.€., 32*2 ft. per second per second ; but it is 
more direct to proceed as follows : — 

Instead of making the radius of the circle ~ centripetal 
acceleration of the crank pin, as in fig. 47, make it » this 

quantity multiplied by — . The radius then represents 

what the value of the centrifugal force would be if all the 
moving parts were concentrated into one cylindrical block 
whose centre coincided with the centre of the crank pin. 
Perform precisely the same construction as before with the 
new value of the radius, and the lengths C T will represent 
direct the horizontal force required to accelerate or retard 
the moving parts to the same scale as the radius represents 
the imaginary centrifugal force. When the point T is 
to the right of C, the force is an additional horizontal 
force on the crank pin — t.e., the force C T must be added 
to the total force in the piston. Each of the values C T 
must now be plotted on a base representing the correspond- 
ing position of the piston in its stroka The curve thus 
obtained is shown in fig. 49. It is to be noted that the 
inertia curve for the downstroke is precisely the same as 
that for the upstroke — that is to say, when the piston is at N 
on the downstroke the pressure between connecting-rod 
brasses and crank pin due to inertia (N M) is precisely the 
same as on the upstroke when the piston is in the same 
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position N. It ia clear that in this carve, sioce ordinatea 
represent forces and abscUace distances through which these 
forces act, the area of the cnrve will represent total work 
done, as we have several times explained. Thas the area 
C A E represents the total work done in generating the 
maximnm velocity in the moving parts — that is, the kinetic 
energy of those parts when moving with their greatest 
velocity. £ B D represents the work done by the moving 
parts in being brought to rest It will be found in every 
case that these two areas are exactly eqnaL 
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The corrected total force card is derived, as already 
esplaned, by subtracting each ordinate of fig. 49 from the 
corresponding ordinate of the total force card. The result- 
ing diagram, the lowest one in fig. 50, is such that any 
ordinate J K ^^ J K in the upper figure. It will be seen 
that this card shows a much more uniform pressure than 
the total force card. 

This diagram isliuaed, aa already explained, in the con- 
stmction for the twisting moment curve. 

In a vertical engine we have also to allow for the dead 
weight of the moving parts, which acts always downwards. 
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In a high-speed engine this allowance is almost insignificant 
compared to the inertia allowance. If the diagram in fig. 
50 represents downward forces — i.e,, represents the indicator 
card taken from the upper side of the piston — the dead weight 
represents a constant force added to the force dne to steam 
pressure. Hence it is allowed for by adding to each ordinate 
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a constant length representing the weight of the parts 
to the proper scale, as shown in the upper dotted curve 
X X. If this card is taken from the underside of the piston, 
the correction is shown in the lower dotted curve Y Y, for 
here the weight represents a force acting in the opposite 
direction to the steam pressure. 

This inertia card is extremely useful in designing a single- 
acting high-speed engine. 
9d 
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When an engine is required to run at a very high speed, 
the "knock" in the brasses, due to reversal of stress, is so 
destructive that reversal has to be entirely avoided by 
keeping the connecting rod always either in tension or com- 
pression, usually the latter, as the former involves a stuffing 
box and gland. Now, the force required to bring the parts 
to rest is so great, at even a moderate speed, that the weight 




Fig. 51. 



of the parts is not sufficient (we are speaking of vertical 
engines), and therefore, unless special precautions are 
adopted, reversal will take place towards the end of the 
upstroke, in spite of the fact that there is no steam on the 
underside of the piston. Thus, in the diagrammatic engine 
of fig. 51, steam being only admitted on the topside of the 
trunk piston, although the steam pressure keeps the rod in 
compression during the whole of the downstroke (unless, of 
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conrse, the pressure is so low, and speed so high, and piston, 
&a, so heavy, that the necessary accelerating force early in 
the stroke is greater than the total pressure on the piston), 
and the inertia of the parts during the first part of the up- 
stroke, yet during the latter part of the upstroke, unless 
there is some pressure behind the piston to produce the 
retarding force, reversal will take place, because, otherwise, 
a pull will come on the crank pin and a knock when steam 
is admitted. To avoid this we must cushion the steam above 
the piston at such a point that the force behind it is always 
greater than the required retarding force. It is the object 
of the present construction to find this point. When it is 
found we must arrange our angle of advance and inside lap 
accordingly. 

Set out O X, O Y, fig. 52, at right angles as axes on which 
to draw the total pressure indicator card ; draw a a, the atmo- 
spheric line, at a height representing on a scale of forces 
14*7 X piston area ; and take O Z to represent the clearance to 
scale, and Z X to represent the stroke volume to the same scale. 
Draw then the inertia curve on the atmospheric line as base, 
showing total accelerating forces on the upstroke of the 
piston, in such a way that inertia forces tending to make 
the piston fiy upwards are plotted upwards, and vice versd. 
Thus at P, in fig. 52, the force tending to lift the piston and 
connecting rod is the vertical distance between F and the 
inertia curve. 

The reason for the inertia curve being drawn on the 
atmospheric line as base is that the atmosphere is con- 
stantly pressing on the underside of the piston, tending to 
lift it, and therefore a neutral value of the pressure on tie 
piston — i.e.j a value which produces no net upward or 
downward pressure — is that of the atmosphere, viz., 14*7 lb. 
per square inch. At any pressure below this there is a net 
upward pressure, and above this a downward one ; and since 
we are comparing in this construction the net force on the 
piston with the total inertia force, we are obliged to reckon 
from a neutral pressure — t.e., the pressure of the atmosphere. 
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Now, we have to asaame a back pressure during the firat 
part of the npstroke. This must be taken rather low, so as 
to be OD the safe side — say 17 lb. per square inch abeolnte 
for non-condeusinK engines- Multiply the piston area by 
17 lb. per square inch, and draw the corresponding horizontal 
line 8 to represent the first part of the bottom line of the 
proposed indioator card. Now, the cushioning line will be an 




hyperbola, with OX, O Y as asymptotes. The hyperbola 
will lie as shown at S T in the figure, the height of which at 
any point shows the total pressure on the piston due to 
compression. Now, this hyperbola must lie mtirelp abwe 
the inertia line. If it fell below it, it would signify that 
at some points of the stroke the upward tendency of the 
moving parts was at those points greater than the down- 
ward pressure of the steam, and consequently, at each point 
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where the two curves crossed, there would be a knock due 
to reversal of stress. The curves will be nearest at some 
point at about the position U. Take, then, a point U slightly 
above the inertia line, the difference between them represent- 
ing about 10 per cent of the total pressure on the piston, 
and draw an hyperbola each way to cut the line E S in S. 
S will be the point where compression must commence. 
If it be found on trial that the hyperbola through the point 
U first selected cuts the inertia curve, take another point 
higher up, and proceed as before, till an hyperbola be 
found which lies entirely above the inertia curva It will 
be seen that it is almost impossible to have an engine of this 
type condensing, because in that case compression would 
commence so early that exhaust would have to be closed 
almost before it was well opened. 

The weak point in this construction is our ignorance of 
the exact value of the back pressure, which we are compelled 
to assume from previous experience. It may happen that the 
actual back pressure will considerably exceed our estimate, in 
which case the compression force on the piston will be 
considerably greater than is necessary. If, on the other 
hand, the back pressure is lower than the estimate, the 
result may be that we shall find the engine knocking, in 
spite of all our precautions. In addition, the inability to 
use a condensing engine without a gland and stuffing box is 
a serious drawback.^ Likewise, since we are obliged to 
design the engine for one particular speed, and since we 
cannot alter the point of compression once the valve is 
made, we cannot vary the speed of the engine from the 
designed value without either having (1) excessive com- 
pression if the speed is reduced, or (2) knocking if the speed 
is increased; also, the restrictions which the early com- 
pression places on the valve design are extremely incon- 



* The leakage of air past the piston into the condenser wnen the engine gets 
slightly worn prevents this being done. It will be found useful to put a stop 
valve on the exhaust pipe, in order to throttle the exhaust as much as may be 
necessary to stop knocking. This allows greater latitude in the design. 
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venient. A valve cannot be designed to satisfy innumerable 
requirements. The transfer of one of the functions of the 
valve to an independent part of the engine is a great 
convenience, as it allows us more liberty to meet other 
pressing requirements in the valve design. For these 
reasons the compression necessary to keep the back brass 
always in contact with the pin has been in the Willans 
engine transferred to a separate cylinder, in which an 
adjustable quantity of air instead of steam is compressed. 
The method to be used in this case is identical in principle 
with that already discussed— t.^., draw a composite total 
force card by adding together all the total force cards from 
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the pistons acting on one piston rod. Calculate the total 
weight of moving parts, and derive the inertia curva Then, 
by adjusting the pressure in the air cylinder, bring the 
total back-pressure force line above the inertia curve at all 
its points. The rod will then be always in compression. 

Single-acting engines are sometimes made in which the 
centre line of the cylinder does not pass through the centre 
of the crank shaft. The reason for this construction is that 
the obliquity of the connecting rod is diminished at those 
parts of the stroke during which the greatest pressure comes 
on the piston, and, therefore, wear on the sides of the 
cylinder is saved. The following construction may be used 
in these cases to find the acceleration at any part of the 
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stroke : The same construction being made as before, F P^ 
(fig. 53) being the line of stroke of the piston, and C the 
centre of the shaft, produce F Q to H. Draw L M H the 
triangle of velocities of the point H turned through a right 
angle (see fig. 47). Join M Q, and produce to cut the line 
through C parallel to the line of stroke in T, then C T gives 
the acceleration of the piston to the same scale as C Q gives 
that of the crank pin. 

Other cases sometimes arise, due to peculiar connection 
between the piston and the crank pin. They can always be 
solved analytically by the application of the differential 
calculus ; but the expressions for the acceleration are in 
some cases very cumbrous. The following general method 
is applicable in all cases, but is not easy to work accurately 
unless great care is taken in the exact determination of a 
large number of points on the curves : — 

1. Find by construction the position of the piston for a 
large number of points on the crank circle. 

2. Flot the distance of the piston from its central position 
on a base which represents the crank-pin circle unrolled 
into a straight line. Draw very carefully a curve through 
the points. 

3. Mark the base out into distances traversed by the pin 
in one second— one-half, quarter, or other convenient units. 
The higher the speed, the smaller must the time interval 
be taken. 

4. To find the acceleration at any point P on this curve 
draw F M horizontal, make F M equal to the distance 
travelled by the pin in one second or other time unit* 
Draw FT tangent to the curve, and make MT vertical. 
The length of M T gives the velocity of the piston at P in 
units, which must be determined from common-sense prin- 
ciples by making a scale of velocities. 

5. Flot the length M T at p' P\ as shown all along the 
time base, each ordinate of the second curve being plotted 
vertically below the corresponding point on the first, and 
draw a curve P^ through the points. 
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6. Treat the point P' precisely as the point F was treated, 
and find the third curve in precisely the same way from the 
second as the second was found from the first. The third 
curve is the curve of accelerations, but the units with which 

T 




Fig. 54. 



it is to be measured must be exactly determined before it 
can be used practically. This construction corresponds to 
differentiating the expression for the displacement succes- 
sively with respect to the time. The principle of the 
construction is fully explained in " Graphical Calculus." 
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CHAPTER IX. 

The Motion of the Connecting Rod. 

We have previously treated the connecting rod as though 
it were part and parcel of the piston rod, and had the same 
horizontal acceleration. This, though sufficiently accurate 
for the purposes for which we have used the construction, 
is only an approximation to its actual motion. But for 
its ever-varying obliquity, the horizontal motion of the 
rod would be exactly that of the piston rod. We shall 
now explain constructions by which the motion of the 
connecting rod may be exactly determined, but it need 
only be used where very exact accuracy is required, 
as in designing high-class standard high-speed engines, 
of which a large number are required. If the position 
of the centre line of the connecting rod be drawn 
in in all the sixteen positions we usually consider, and the 
same point be found in all of them, we can follow the motion 
of any point throughout the whole revolution. It will be 
found that while the crosshead end describes a straight line. 
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and the crank-pin end a circle, any intermediate point 
describes a curve which is a sort of distorted compromise 
between the two. An ellipse is a natural compromise 
between a straight line and a circle, and these figures are 
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distorted ellipses which are bilaterally symmetrical abont the 
centre line. For points near the crosshead the carve is a 
flat oval fignre, which opens out gradually as the point is 
taken nearer and nearer the crank pin, as shown in flg. 55. 
The velocity of these various points is a matter which does 
not concern us much, except in so far as it has an effect on 
the acceleration, though it can easily be found by the 
exercise of a little ingenuity on fig. 56. The actual 
acceleration of any point is composed of two parts : (1) 
The acceleration of the point along its own path ; (2) its 
centripetal acceleration along the normal to the curve 
which it describes. 

To find each of these separately, and to compound them 
graphically, would be an extremely difficult task, but a 
construction will now be explained whereby the resultant 
of these may be found with very little trouble. We cannot 
avoid, however, taxing the geometrical imagination* of the 
student in explaining the reason of the construction. Of 
course it is assumed that by this time he can draw a distinct 
mental picture of the difference between a velocity and an 
acceleration. The point Q, fig. 56, has a velocity along Q t 
and an acceleration along Q C whereas the point P has a 
velocity and an acceleration both along P 0. It may be 
added, as a preliminary observation, that a clear conception 
of the co-existence of a velocity in one direction and an 
acceleration along another direction may be obtained by 
considering a stone thrown into the air. It has a velocity 
along its own path and an acceleration always vertically 
downwards (neglecting, of course, the resistante of the air). 
The result is that the stone describes a parabola, whose axis 
is parallel to the direction of acceleration, so that when 
any body has a simultaneous velocity and acceleration in 
different directions it is to be imagined as describing a 

* The training of this faculty is perhaps the chief advantage to an engineer of 
the study of mathematics, and without that training he cannot hope to under- 
stand many of the extremely confusing problems with which he will be 
constantly confronted in the higher branches of the subject. 
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small part of a parabola*^ whose axis is parallel to the 
acceleration. Again, velocity and acceleration are absolutely 
independent of one another. The sudden addition of a 
simple velocity to a body makes per se no difference to the 
acceleration with which that body is moving for just the 
same reason that if the water in a tank, into which a tap is 
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running, is rising at the rate of 2 in. in one minute, it will 
continue to rise at the same rate after a bucket of water is 
suddenly thrown into it. 

Imaginp, then, that the whole engine is on a truck which 
is travelling with a velocity exactly opposite to the velocity 
of Q, at the instant shown in the diagram. Now, if an 
observer were watching the engine frpm the ground, Q 
would appear to be standing still for a single instant, C 

* A small part of a circular arc may, when necessary, be imagined as coinciding 
with a small part of this imaginary parabola. 
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would have the same motion as the track, and P wonld haTe 
a motion P L, compounded of its own Telocity along P CS, and 
the velocity of the truck, as shown. Now, in additaaa to 
this, the truck must be assumed to have an aooeleratian w^ r, 
opposite to the centripetal acceleration of Q. YelocitieB in 
the figure are indicated by thin arrows, and aooelerationa 
by thick ones. It may be imagined to have this compound 
motion due to travelling on a switchback railway, which is 
in elevation a parabola, as described abova This then 
brings the point Q for an instant to rest^ both in respect of 
its velocity and of its acceleration, although not neoeaaarily in 
respect of its rate of change of acceleration. Now, under these 
circumstances, the point P would have an acceleration com- 
pounded of its own along P C, and w^ r along a line pandlel 
to the crank. This resultant acceleration is shown at P M. 
Thus, point P would, at the instant under consideration, be 
travelling along the parabola P N, shown dotted. Now we 
can pick out the acceleration of G, since Q is at rest^ It 
will be obviously a reduced copy of P's acceleration — t.^., 
OA. Now, PM - TQ, and GA - BQ, so that BQ will 
represent G's acceleration. Now we can see what G's 
acceleration will be in a stationary engine by imagining the 
truck suddenly at this instant brought to rest ; obviously, 
the acceleration of G will be a compound of B Q with Q C, 
for C Q was the acceleration of the truck. The resultant of 
these two is clearly B C. Hence, to find the acceleration of 
any point G in the rod, make the construction for accelera- 
tion of P, draw G B parallel to P C, and join B C ; B C is the 
required acceleration to the same scale as CQ represents 
the centripetal acceleration of the crank pin. A modifica- 
tion of the same construction may be applied to fig. 53, as 
shown in dotted lines. Join P T, and draw G B parallel 
to P T ; then B is the required acceleration. The proof 
is similar to the one we have given. It may also be 
applied to any construction. 

Let G, fig. 56, be the centre of gravity of the connecting 
rod, and let B C be its acceleration. Now, when the centre 
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of gravity of any body whatever has a resultant accelera- 
tion at any instant in any direction, it is a sure proof that 
the resultant of cUl the forces acting on the body from 
outside (we will not at present trouble about the stress 
forces — action and reaction — in the body itself) acts in that 

direction, and is of magnitude — x acceleration in feet per 

9 

second per second where M = mass of body in pounds. 

This is a fundamental natural law, which is subject to no 

exception under any circumstances. 

We can at once infer that the combined force with which 

the croBshead pin and the crank-pin press on the connecting 

M 
rod acts in direction B C, and is of magnitude — x BC, B C 

9 
being measured in proper units. This is another way of 
saying (bearing in mind the principles previously ex- 
plained), that the motion of the rod exerts a resultant force 
of this magnitude on the foundations. 

But this is not the only effect of the peculiar motion of 
the connecting rod. It is continually changing its angular 
velocity — that is to say, the rate in radians per second at 
which its inclination to the horizontal is changing, is itself 
continually changing. This angular velocity is zero when 
the crank is at right angles to the line of stroke, and is a 
maximum when the pin is crossing dead centres. 

Now, when an angular velocity is changing, the rate in 
(radians per second) every second at which it is changing 
is called its angular acceleration. A law exactly analogous 
to that explained above, and as rigidly accurate under all 
circumstances, governs this rate of change and the couple 
which produces it. It is as follows : — 

Couple in pounds-feet = - x angular acceleration where 
I is the moment of inertia* in pounds-feet^. If the couple 

* The student who is not acquainted with the meaning of moment of inertia 
and the method of finding it is referred to Hick's " Elementary Dynamics" and 
the author's " Graphical C Uculus." It cannot be ei plained here. 
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is required in pound-inch unit?, I must be expressed in 

pound-inch units, and also g in inches per second per second. 

The magnitude of the angular acceleration may be found 

by finding the component of P M, fig. 56, at right angles to 

the rod, and dividing the actual value of this component of 

feet 

the acceleration F M in ^ by the length (in feet) of the rod. 

sec 

This component in fig. 47 is T S, the point S not being lettered 

in fig. 56. 

The moment of inertia must be found by the method 

explained in " Graphical Calculus," and the couple deduced 

by the application of the above formula. This couple, of 

course, as before, acts on the foundations, and tends to turn 

them upside down in the central plane of the engine. A 

couple has no point of application, because the efiect of a 

couple on the movement of a body is precisely the same as 

that of any other couple of equal moment acting on the 

same body in any parallel plane. The efiect of it is to 

produce a tension and pressure alternately at the front 

of the foundation, together with a simultaneous pressure 

and tension alternately at the back end. Thus we see that 

even though an engine may be perfectly balanced in respect 

of its forces, it may be entirely unbalanced in respect of the 

couple which it exerts on the foundations due to the motion 

of the connecting rod. One well-known case of this is a 

certain central electric lighting station, where a great 

amount of vibration was communicated to houses 100 ft 

away from the engines by the working of engines which 

were considered to be very well balanced in respect of forces 

alone. At the same time, the motion could not be detected 

on the foundations themselves, which were formed of a large 

bed of concrete. The reason assigned for the phenomenon 

was that the synchronous angular vibration of several large 

connecting rods caused the foundations to rock, a motion 

which could not be detected in the centre of the foundations, 

which point was almost at rest. The amount of motion 

varied, of course, as the distance from the centre of gravity 

of the foundations. 
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CHAPTER X. 

Balancing — Force Curves. 

We are now in a position to find exactly the force and the 
couple acting on the foundations of an engine due to inertia 
of moving parts. For clearness sake we shall first treat of 
the force, leaving consideration of the couple, which, how- 
ever, is quite as important, to a later chapter. Following our 
usual custom, we shall take a string of data from actual 
practice, on which to hang the explanations. 

The engine (now working on board a South African liner) 
has a cylinder — 11 in. diameter by 9 in. stroke — of high-speed 
vertical type, designed for heavy pressures. The calcula- 
tions are worked out for a speed of 500 revolutions. The 
forces may be reduced to any other number (n) of revolutions 

by multiplying by (g^)^ 

The following particulars of weights, &c,, of moving parts 
will be necessary : — 
Weight of piston with rings, piston rod, and crosshead 

with brasses = 161 lb. ; 
Weight of connecting rod, with crosshead pin and brasses, 

122 lb. ; 
Length of connecting rod, centre to centre, 24 in. ; 
Centre of gravity of rod, 8^ in. from crank-pin centre ; 
Moment of inertia of rod about centre of gravity ^ 59*2 

lb.-ft.2 ; 

Weight of two cranks and pin = 73 5 lb. ; 

Eadius of centre of gravity of cranks and pin = 2*8 in. ; 

Angular velocity of crank = = 52*4 radians per 

second ; 

Centripetal acceleration of crank-pin centre = ^ ^ ^ ^ 

= 1030 -£5i 
sec- 
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We shall plot a radial curve showing the value of the 
resultant force. Now, a curve drawn on a plane surface 
can, in the nature of things, only show the continuous varia- 
tions of two mutually related variables, whereas we have 
three things to exhibit. It can sometimes, however, be made 
to do a double duty by means of explanatory figures, lines, or 
points marked on the curve, which show, in accordance with 
some given convention, not the continuous variation of the 
third variable, but its value at certain stated intervals. 
The contour lines marked on an ordnance map are an illus- 
tration of this. The three variables we have to exhibit are 
(1) position of crank, (2) magnitude of force, (3) direction 
of force. If the latter were always in the direction of the 
crank, the difficulty would disappear, but unfortunately it 
is not. Our method of overcoming it will appear as we 
proceed. 

We have now to calculate the centrifugal force due to 
rotation of the crank shaft only. We have stated that the 
centrifugal force due to the rotation of any body about an 
axis may be calculated by finding the whole revolving 
weight and the distance of the centre oE gravity from the 

axis of rotation, and using the formula ^ ^ ^ , but we may 

9 

often save ourselves a great deal of this work by remember- 
ing that the same result is obtained by finding the weight 
of only those parts which are not symmetrical about the 
axis. For example, if it be required to find the centrifugal 
force due to a straight rod turning round any point in its 
length, we can either find the radius of the centre of gravity 
of the whole and the whole weight, or (2) the centre of 
gravity of the unbalanced part at the end remote from the 
axis and the weight of that part. Thus in this case we 
shall obtain the same result for the centrifugal force by any 
of the following processes : — 

(1) Take m = weight, and r = radius of centre of gravity 
of the whole shaft. 
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(2) Take m = weight of any normal section of the shift 
which contains the whole of the asymmetric parts, and r = 
radias of the centre of gravity of that section of the shaft. 

(3) Take m = weight of cranks and pin, and r = radius of 
centre of gravity of these parts. 

Of these (3) will clearly entail least work. Hence we 
proceed thus : — 

\Yeight of each crank = 28 lb. 
Weight of both together = 56 lb. 

Kadius of their centre of gravity = ' = 2*25 in. 

Weight of crank pin =* 17*5 lb. 

Eadius of its centre of gravity = 4*5 in. 

Whole weight = 56 + 17*5 = 73 5 lb. 

Let X be the radias of its centre of gravity; then the 
moment of whole mass about axis — sum of moments of 
separate parts — that is, 

73-5 x = bQ X 2-25 + 17-5 x 4*5 ; 
whence a? = 2*8 in. 

^®^^®» 73-5 X (52-4)2 X ^^ 

centrifugal force = ^ = 1450 lb. 

32-2 

which value could also be obtained by calculating separately 
the centrifugal force of the cranks and pin, and adding them 
together. 

The radius of the small circle P F in fig. 57 shows this con- 
stant value''^ of the centrifugal force due to the rotation of the 
cranks and pin, and the direction of that force, which in this 
case is the same as the centre line of the cranks. The small 
diagram on the left shows the direction in which the 
engine runs. The radii CFi, CF2, &c., also represent the 
positions of the crank, for which we shall find the other forces 
(due to connecting rod and piston, &;c.) and the resultant 

* Figs. 57— 59, and nearly all subsequent figure-j, are carefully drawn to a scale, 
which is given in each case. The student should go over the calculations 
himself, and make drawings, which he should compare with the given figures. 

IOd 
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forces. The lines Q F, joining the dotted curve to the points 

P, show the magnitude and direction of the forces which, 

acting through the centre of gravity of the connecting rod, 

are necessary to make that point move with the actual 

resultant acceleration which it has when the crank is in 

the corresponding position. (This acceleration is found as 

explained at fig. 56 in the last chapter. The force is found 

7fi 122 
by multiplying the acceleration by — ^t-^^* <>>■> directly, by 

applying to fig. 56 the method indicated at the middle of 
page 111, et seq. In this case, however, it is necessary to 
draw separate figures for both the rod and the piston, 
whereas, if the acceleration only is found from the diagram, 
the same figure will serve for both operations.) 

Conversely, the lines P Q, fig. 57, show the magnitude and 
direction of the reacting force which acts on the bed plate, due 
to the motion of the connecting rod. The vertical lines R Q 
show the magnitude and direction of the force necessary to 
accelerate or retard, as the case may be, the piston and 
attached parts. These forces are found as explained at 
fig. 47. Conversely, the lines Q E, show the forces on the 
bed plate due to these parts. 

Now, we have three forces acting independently of one 
another on the bed plate of the engine. 

By the principle of the "polygon of forces," when any 
number of forces act on any body simultaneously, whatever 
their point of application, and these forces are represented 
in magnitude and direction (but not necessarily line of 
action) by straight lines, then the magnitude and direction 
(but not the point of application) of the resultant of them 
may be found by stringing the lines representing the forces 
end to end, and completing the polygon, as in C P, P Q, Q R, 
fig. 57. The lines C K, joining the two ends of this string, 
give the magnitude and direction of the resultant. Thus, 
when the crank is in direction C P3, the resultant force on 
the bed plate is C R3, and so on. 
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Now we have to consider the methods adopted for 
balancing these forces, as far as may be. By far the most 
common method is to put weights somewhere on the crank 
shaft, on the opposite side to the crank. These weights, in 
revolving, produce a uniform force, opposite in direction to 
the force C P. Now, since the resultant force C R on the bed 
plate is not of constant magnitude, it is clear that it cannot 
under any circumstances be always exactly counteracted by 
a force which is of constant magnitude, even though the 
two forces were in the same direction, which in this case 
they are not ; so that it is evident that this method is at the 
best only an approximate one. 

Now let us see what will be the effect of balancing by 
this method various fractions of the moving parts. First, 
suppose we have a weight or weights placed somewhere on 
the shaft, which, by their revolving, produce a constant 
force equal in magnitude and opposite in direction to the 
force C P, and in the same straight line. Two weights, at 
least, are necessary to produce this collinear effect, one pn 
each side of the line of stroke, and whose ratio is inversely 
as the product of the radius of the centre of gravity of each 
weight, and its distance from the line of stroke measured in 
front elevation. One weight — e.g,^ on the flywheel — might 
produce a force equal in magnitude and opposite in 
direction, but it obviously could not be in the same 
straight line — i.€., the line of stroke. We shall treat this 
question more fully when we come to the subject of couples. 

The effect is obviously the same as if the circle PP in fig. 57 
had dwindled to a point, and the large elliptical curve in fig. 
58 shows the result, which is simply the forces PQ, QR plotted 
in series radially, and a curve drawn through the points K. 
The figures refer to the corresponding positions of the crank, 
as shown in fig. 57. The resultant forces, under these con- 
ditions, are found by joining the centre to any of the points on 
the large elliptical curve. Now, if more weight than this had 
been balanced, the radius of the circle P P, ^%, 57, would, as 
it were, pass through zero to a negative quantity. Let C B, 
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fig. 57, be the radius of the balance circle — that is, it repre- 
sents the total force due to the balance weight, which force 
acts in the opposite direction to C P. It is clear that the 
resultant of the two opposite forces will be represented by 
the difference of the radii, and since this difference is constant, 
the resultant curve will be a circle. If C B is less than C P, 
the effect will be to reduce the radius of circle PP by the 
amount CB. We have already discussed the case when 
C B = C P. The radius of the resultant circle will be 
negative when C B>C P. We have then finally to find the 
resultant of two resultants, which are respectively repre- 
sented by C B— C P, and the line joining C, in fig. 58, to the 
corresponding point of the elliptic/il curve. Now, the actual 
circle B, shown in fig. 57, has for its radius the force due to 
a balance weight which balances both the cranks and pin, 
and the whole of the connecting rod, which latter is supposed 
concentrated at the centre of the crank pin ; and the radius 
of the complete circle K K, in fig. 58, represents the difference 
between the radii of the two circles B B and P P, in fig. 57. 

When the crank is at K3, fig. 58, the resultant balancing 
force represented by the radius of K K is K3 O in magni- 
tude and direction, and to find the magnitude and direction 
of the resultant of Kg O, O Qg, Qg B-g, we have merely 
to join KgKg. KgRg then represents this force. 

In actual practice we should dispense with fig. 58 
altogether, and obtain the forces by joining points on such 
circles as B B, fig. 57, with the corresponding points on the 
outer elliptical figure. It will be seen that this will give 
the same result as the other construction. 

The next process is to take all such lines as Kg Kg out of 
fig. 58, or the corresponding ones out of fig. 57, and plot 
them in magnitude and direction round a separate point 
S, taking care to number them so that they may be recog- 
nised. This produces curve A, in fig. 59. 

Now, to investigate the effect of increasing still further 
the balance weight, we have merely to increase the radius 
of circle K K, in fi^. 58, and, proceeding exactly as before, 
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plot the result ronnd S, fig. 59. Circle L, fig. 58, and cnrve B, 
fig. 59, represent the result of balancing the cranks and pin 
together with a force half way between the maximum and 
minimum forces produced by the moving parts, aa obtained 
from fig. 58. Circle M and curve C represent the result of 
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Pio. 59.— Forces acting on the bed plate of a single engine when the following 
portions of the moving parts are balanced : Curve A. Cranks, pin, and con- 



necting rod. B. Cranks and pin + 
whole ol the moving parts. 



max. -I- min. 



of forces on fig. 58. C, The 



balancing the whole of the rotating and reciprocating parts. 
Notice the elegant way in which the curve changes as the 
balance weight is increased, from a sort of oval to a twice- 
traced circular arc. It is also extremely interesting from a 
mathematical point of view to carry the process still further. 
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but it has nothing to do with engineering, because engines are 
never overbalanced in this way— unless the balance weights 
are put in "by eye," a method not unknown in modern 
engineering. It must be clearly understood that the numbers 
are an essential part of these curves, fig. 59. When the 
crank is at 6, the resultant force is S 6, fig. 59, and so on. 

Now, the fraction of the total weight which is to 
be balanced must depend entirely on the character of engine 
and foundations. When accuracy is required, no rules of 
thumb can do more than give a haphazard result. They may 
do very well for stationary engines, bolted to tremendous 
foundations with enormous bolts. Common sense must be 
brought into play in determining which is the best curve to 
use. Thus, in a vertical engine on a carriage resting on 
springs, suppose, changes of vertical force on the springs 
must be avoided as far as possible ; in other words, balance 
the whole of the weight, or, at anyrate, a large part of it ; 
otherwise dangerous oscillations may be set up .in the 
springs when the revolutions of the engine synchronise 
with the natural period of oscillation of the loaded spring. 

In a locomotive (which will be subsequently dealt with) it 
is also the practice to balance a large part of the weight, 
because changes of vertical force such as will be produced by 
the action of such forces as S lie, in fig. 59, mainly tend to 
lift or intensify that part of the great weight of the engine 
which comes upon the wheels on which the balance weights 
are put ; and so long as this force is not so great as 
to lift the wheels ofi* the rails, it is, comparatively 
speaking, unimportant, producing merely extra wear on 
those parts of the tyres which are on the same side 
of the wheel as the balance weight, whereas great hori- 
zontal forces produce dangerous couples in a horizontal 
plane, which tend to twist the engine off the rails. This 
part of the subject will be treated later. Now, curve B, 
fig. 59, represents perhaps the best all-round balancing that 
can be adopted, because here the vertical and horizontal 
forces are somewhere about equal ; so that here the 
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maximum force produced is a minimum. It will be seen 
that at the best it is very far indeed from perfection. The 
minimum maximum force is close on 4,0001b. Curve 6> 
fig. 59, suggests a peculiar method of improving the balance 
which, so far as the author has been able to ascertain, has 
never been previously proposed, and which is interesting, 
although perhaps impracticable. It will be observed that 
the points on curve B go the opposite way round to the 
points on the crank circle, and further, that, roughly 
speaking, the angle between any two successive radii 
is constant. If, then, we arrange an auxiliary balance 
weight on the crank shaft, and gear.it by means of three 
bevel wheels, the middle one of which is fixed to the bed 
plate so that the auxiliary balance wheel goes the opposite 
way round to the direction of the crank shaft with equal 
angular velocity, and being so placed that it is on the same 
side of the crank shaft as the primary balance weight at 
either dead centre, the balance will, if the weight be 
judiciously chosen, be very much improved. The dotted 
circle in fig. 59 represents the efiect of a reverse balance 
weight of 86 lb. at a radius equal to that of the crank-pin 
centre, combined with the primary weight necessary to 
produce curve B. The small curve in the centre shows the 
efiect of this device. The curve is obviously a great 
improvement on any of the other curves, showing, as it 
does, a reduction of the maximum force from 4,0001b. to 
1,500. 



CHAPTER XL 

Methods of Force Balancing. 

The balance circle having been decided upon, and drawn on 
fig. 57, it remains to deduce the corresponding position and 
magnitude of the balance weights. To do this, measure the 
radius of the selected circle on fig. 57 by the force scale. 
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Sappose this radius represents 7,900 lb., signifying that 
this is the total force due to the rotation of the balance 
weights. 

Sappose also that, pending further discussion as to conples, 
we have decided to nae two balance weights, so proportioned 
as to bring the resultant force dae to them into the central 
plane of the engine. 

First suppose that the centre of gravity of each of the 
two bsdance weights is at the same distance r feet from the 
axis, the sum of the weights being M. 

Then we have 

32-2 ' 

that is, the product of the sum of the two weights into their 
radius 

= M r = 32;1^ 7900 ^ ^3 ponnds-feet. 

Hence, the larger the radius, the smaller may the weights be, 
and vice versa, the product of the two being always 93. 

The reason for using two balance weights instead of 
a single one is that a force acting in one plane cannot 
be counteracted by an opposite force acting in another* 
If two forces equal in magnitude and opposite in direction 
act on a body, not being in the same straight line, 
they produce together a couple, or tendency to twist 
the body about any line perpendicular to the plane con- 
taining the two forces. Now, if we attempt to balance 
the force due to inertia (which always acts in the central 
plane of the engine) by one weight on one flywheel, which 
cannot, of course, be in the central plane, we produce this 
effect, which will be further treated of later on. Hence we 
are driven to dividing the weight into two parts, which must 
be so disposed that the resultant force due to them lies in 
the central plane. This can be done in two ways. Let R Ri, 
flg. 60, be the trace of the central plane of the engine, and 
AB, CD the planes in which the balance weights work. 
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Take any line A C parallel to the shaft, set ofi A K equal to 
the radins of the balance circle (or, if the two radii of the 
balance weights are to be equal, take A K equal to the total 
weight, already deduced, to scale) ; join K C, and draw the 
line Di Bi through R parallel to K C ; then A D^ will give 
the magnitude of the- force acting at C (notice the reversal 
ADi acts ate, and not at A), and CBi that acting 
at A (or, in the alternative given in brackets above, ADi 
and C Bx give the actual weights to be placed on the wheels). 
It will be seen that it is not correct to make the centre of 
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gravity of the two weights lie in the central plane unless 
the radii are equal. If they are unequal, each weight must 
be calculated from the force found as in fig. 60. These 
weights are usually cast on the flywheels. If it is impossible 
to have a balance weight on each side of the crank pin, 
the following method will do instead, if it can be managed 
without undue increase of weight. Use two flywheels, which 
may or may not be joined together, with one large weight 
in plane AB,. fig. 61, opposite the crank, and an outer 
smaller one in plane C D, the latter being at the opposite 
end of the diameter to the weight B— -that is, on the 
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same side as the crank seen in side elevation. The 
difference between the forces produced by these weights 
must be equal to the radius of the balance circle. In order 
to find these forces (or, as before, if the radii are equal, the 
weights), set ofT C K, fig. 61, equal to the radius of the 
balance circle (or the net calculated weight). Join A K and 
draw R Bi parallel. Then C B^ gives the force on the inner 
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wheel, and AD^ the opposite force on the outer ^ the 
resultant of the two forces acting at R. There seems no 
reason why this method should not be adopted in cases 
where the moving parts are light, and good balance 
is required. The weights could easily be cast on the 
opposite sides of a broad flywheel, which it would no 
doubt make somewhat heavy, but it would certainly be 
much cheaper than the next method we shall explain, 
which is usually accounted the best system of balancing 
by rotating weights. It must not be forgotten that any 
method of balancing by balance weights involves an increase 
or decrease of the bending moment on the shaft, which 
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ought to be taken count of in accurate design, especially 
where the revolutions are high. The method has been 
already explained in the articles on crank shafts. 

Balanced Cranks. 

By this method the cranks are continued to the other side 
of the shaft, and spread out so as to give a large weight, 
as shown in Hg. 62. This weight constitutes the balance 
weight. In small engines it may conveniently be made of 
the shape shown dotted, for cheapness' sake. The edges 
can then be planed or milled at one setting. At the best, 
however, it is very expensive and tedious to make. The 
numerical calculation of the shape of this weight is by 
no means an easy matter. The following geometrico- 
mechanical one is an easy method to use. Calculate, as in 



I. 
I 




Fig. 62. 

fig. 58 (not fig. 57), the magnitude of the balance weight 
corresponding to a radius equal to the crank radius. The 
weight of the rotating parts (i.e^ the cranks and pin) 
must be left out in this calculation. 

Draw an end view (full size, if possible) of the cranks on 
a large piece of stout white cardboard, of uniform thickness, 
dotting in the shaft and the crank pin, as shown in fig. 63. 
Determine the greatest reasonable radius which the balance 
weight can have so as not to foul the bed plate, and draw the 
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arc A B to this radius.*^ In determining this radius, regard 
must be paid to the fact that the larger the radius the more 
expensive per unit weight the shaft is to make, since all 
the steel between the cranks has to be sawn, drilled, or 
slotted out ; and if the radius is very large, the turning of 
the crank pin is a very awkward task. Take care to make 
the arc A B longer than can possibly be required, and 
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symmetrical about the centre line. Draw a line F Gr 
through the crank-pin centre. Now, the area or weight 
of this cardboard is to represent the weight of both cranks 
together. 

* To minimise the expense of machining, it is often advisable to turn up the 
top and bottom of the crank from the same centre, below the centre uf the shaft, 
as in fig. 62. The balance weight looks better when working if the bottom is 
central with the shaft, as in fig. 63. The top may then be planed or shaped 
lengthways by si>ecial tackle, or they may be done in the lathe off lower centrev,. 
or by "reversing." 
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Sappose tihe thickness of each crank in front elevation is 
2^ in. One isquare inch of cardboard then represents 5 cubic 
inches of steel, 

= 5 X 0-28 = 1-4 lb. 

Next calculate the cubic contents of the crank pin and it& 
weight. Suppose this latter is 17 '5 lb. It is then repre- 
sented by 

17^^ = 125 
1-4 

square inches of cardboard. Mark oft on each side of the 
crank pin the hatched areali D, E (each of which is 6'2& 
square inches) in such a way that the centre of gravity of 
the two coincides with the crank-pin centre. Next take 
the magnitude of the weight already found, balancing the 
connecting rod and reciprocating parts at a radius equal to 
the crank radius, and, dividing the corresponding area into 
two equal parts, draw them at F and G so that their centre 
of gravity coincides with the crank-pin centre. Next cut 
the whole figure out with a sharp knife. Stick a pin through 
the centre of the shaft, and try the balance of the figure. 
The side A B should be the heavier. If it is not, then 
another piece of cardboard must be cut out, so that the side 
A B is heavier. Next mark off. a series of lines in pairs, 
H K, L M, as shown, each psiir of which is equidistant from 
the centre line. Cut off the thin triangular pieces, K AH, 
M B L, in pairs, so as to keep the figure always symmetrical 
about the centre line, until a perfect balance is obtained 
about the centre of the shaft. When this is the case, the 
figure K M L E D H shows the exact size of the required 
cranks. 

Other Methods. 

There are several other methods of balancing the forcea 
called into play by inertia. They all involve additional 
parts, so linked to the piston that when that member moves 
in any direction the balance weights move in the opposite 
ona In marine engines, for instance, the air-pump bucket 
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tends to balance the low-pressure piston, to which it is 
attached. 

Mr. Yarrow, in his torpedo-destroyer engines, which run 
at very high speeds, introduced a system of what he calls 
bob weights, which are weights lifted and depressed by the 
action of eccentrics on the shaft, placed in such positions 
that the centre of gravity of the whole engine does not 
move when the engine works. When this condition is 
perfectly fulfilled there is always perfect force balance, but 
not necessarily perfect couple balance, this latter being due 
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to the fact that the liaes which are the angular analogue of 
the centre of gravity do not necessarily remain at rest, 
although the centre of gravity does. It can also be 
proved that a perfect balance can be obtained by means of 
six sets of details on the same side of the crank shaft with 
cranks judiciously arranged. This proof is rather too 
complicated for these articles. 

There is one other method which, from its simplicity, is 
worthy of mention. By its means an absolutely perfect 
force balance is obtained. If properly designed on this 
principle, an engine will run without a trace of vibration. 

It will have been noticed that a difficulty in obtaining 
perfect balance arises from the fact that the acceleration of 
the piston, &c., is not the same at both ends of the stroke. 
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If it were not for this fact, the method of reversed counter- 
weights, similar to that described on page 137, could be 
arranged to give a practically perfect balance. It is funda- 
mentally dependent on the peculiar motion of the connecting 
rod. The remedy is therefore to balance the connecting rod 
by another one, tnoving in precisely the same manner in an 
opposite direction — ^that is, have two cylinders at opposite 
sides of the same crank shaft, working on cranks opposite, 
as in fig. 64, so that the connecting rods (one of which is 
deeply forked, as shown) are of the same weight, and have 
the same moment of inertia about a transverse axis through 
the centre of gravity of the rod and parallel to the crank 
pin. The pistons, with their attachments, must weigh the 
same, and the crank shaft must have its centre of gravity 
lying in the axis of rotation, which axis must also be' a 
principal axis. If these considerations were all attended to, 
perfect force balance would be the result, though there will 
be a slight want of couple balance, due to the fact that the 
forces due to the connecting rods, though always parallel, 
are not collinear. 



CHAPTER XII. 

The Theory of Couples. 

When all the forces acting from outside on any body (which 
for clearness we may imagine as floating in mid space, so as 
to be perfectly free to move in any direction) have a resultant 
whose line of action does not pass through the centre of 
gravity of the body, the effect on that body is the same as 
if a parallel force of equal magnitude were acting on the 
centre of gravity of the body, and at the same time a couple 
tending to turn the body round, whose magnitude is equal 
to the product of the force into the perpendicular distance 
of the centre of gravity from the line of action. Thus, 
suppose the body sketched in fig. 65, whose mass is m 

llD 
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pounds, and whose centre of gravity is at G, in the 
plane of the paper, is acted on by a resultant force R 
pounds weight, also in the plane of the paper. As has 
been already stated, the result will be an acceleration 

of the centre of gravity of magnitude — ^ in direction R. 

Now, owing to the inertia of the body, every part of the 
body tends to lag behind. All the forces due to this lagging 
tendency have a resultant which, in all positions of the 
body, passes through the point G. We may, therefore, con- 
sider that all the mass of the body is concentrated at G, 
which point is endowed with all the mass of the whole 
body, the rest of the body being, for present purposes, 
devoid of mass or inertia. The point G is called the 
"centre of gravity," but would be better called the 
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"centre of mass,'' for the actual centre of gravity 
only absolutely coincides with the centre of mass in 
special cases, although in all practical cases it is 
extremely near to it. The force with which the point 
G, as representing the whole body, tends to lag forms a 
complete balance to all the external forces acting iipon the 

body, and is therefore equal to ^^, or E. That is to say, 

9 
there is always exact equilibrium between all the external 

forces acting on any body, including this lagging force. 

There is, in fact, no such thing as an unbalanced force in 

the universe, because the nature of matter is such that a 

balancing lag force is always instantaneously generated by 

the mass itself on which the forces act. There can be in 
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the nature of things no such manifestation as force unless 
there is also a mass for the force to act upon. All this is- 
implied in the assertion that " matter has inertia." 

In this case the force R and the lag force together con- 
stitute a couple of magnitude R d pounds-feet, which gives 

the body an angular acceleration of ^ radians per second 

per second, and there is in the same way a lag couple called 
into existence by the angular acceleration, which forms a 
complete balance to all external couples, the lag force 
being only called into existence when the body has the 
linear acceleration a. Hence the effect of the force R is the 
same as that of an equal force acting at the centre of 
gravity, which, per se, would produce the linear acceleration 
a, and a couple, which would independently produce the 
angular acceleration, combined. This proposition is usually 
proved in the following way : The state of rest or motion 
of G will not be altered by introducing two equal and 
opposite forces L, M, acting at that point, each equal to R» 
L and R constitute a couple, and M the accelerating force. 

This appears a somewhat lifeless and unsatisfactory 
explanation, as it leaves out of count the real though 
passive lagging force, while introducing two forces that 
are not wanted, and are, in fact, non-existent. There is, of 
course, no energy gained by making the force act away 
from the centre of gravity, for although the energy due to 
tlie action of the force is greater than would have been the 
case if the force had acted for the same time on the centre of 
gravity by an amount equal to the rotational energy, yet the 
additional rotational energy is exactly compensated for by the 
greater distance through which the point of application of 
R has to move, due to the rotation, than would have been 
the case had the force acted through the centre of gravity. 
Now, since a couple has no point of application, but has the 
same pure twisting effect on the motion of the body 
as another couple of equal moment acting in a parallel 
plane, it is clear that we may make a line perpendicular 
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to the plane completely represent the couple, for the 
length of the line may represent the magnitude, or 
" moment," of the couple to scale, -while the direc- 
tion of the line shows not only the direction of the axis 
round which the couple it represents tends to twist the 
body, but also by convention the arrow head on the line 
may indicate the direction as regards right or left handed 
rotation in which the couple tends to twist the body. 




.-' F 



Fig. 06. 

This convention is as follows : The direction of the 
arrow shows the direction in which a right-handed screw 
would move due to the rotation produced by the couple. 
If the direction be the same as the hands of a clock, 
the screw will move towards the back of the clock, and 
vice versd. Thus the couple PQ lying in plane AB, shown 
in perspective in fig. 66 (both forces of which are supposed 
to be acting simultaneously on some body not shown, but of 
which A B is a plane section), is represented by any line C 
perpendicular to plane A B, whereas a couple R S, in the 
direction E, shown dotted, would be represented by any 
line parallel to F. 

Now, we shall prove that when couples are represented in 
this way they may be compounded by the parallelogram 
law. Thus, in fig. 67, the couple P Q acts on a body in 
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plane A B, and the couple E S simultaneoasly on the same 
body in plane C D. Then these couples are respectively 
represented in plan hy Op and O r. We shall prove that 
their resultant is O x, acting in plane M N (shown dotted in 
the perspective view), at X Y. 

The formal proof of this proposition is briefly as follows : 
The couple F Q of £&:. 67 has precisely the same pure 
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Fig. 67.--Perspective View and Plan. 



twisting effect on the body on which it acts as a couple of 
equal moment pq in fig. 67a. (This may easily be proved 
by showing that if P Q of fig. 67 acts on a body simul- 
taneously with any couple whose forces are equal 
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magnitude but opposite in direction to those of p q^ in fig. 
67a, then all the component forces will be in equilibrium.) 
Similarly couple R S of fig. 67 = r « of fig. 67a. Now, 
forces h p and A r in planes ab^ c d respectively have a 
resultant h xin. plane m n, and k 8 and h g have a resultant 
h y. From symmetry h x and h y are equal, parallel, and 
opposite, and are in the same plane m n, passing through 
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the intersection of planes a h and c d. Hence the resultant 
of any two couples p q and r 8 is a couple x y. Now, the 
arms of all these three couples are the same line h h. Hence 
the moments of the couples are respectively proportional 
to the forces that compose them. Hence it is obvious that 
since O ;?, Or of fig. 67 are respiectively proportional to 
forces hp^hr oi fig. 67a, and are perpendicular to planes 
ah,c d^ therefore O x will be proportional to force h x and 
perpendicular to plane m n, and will therefore represent 
the couple x y (which, of course, = X Y) to the same scale as 
Op., Or represent couples pq, r s. 

Now, any set of forces and any set of couples acting on a 
body are most conveniently examined and clearly represented 
by taking their components in three definite directions, 
mutually perpendicular. In a machine there are usually 
three main centre lines, mutually perpendicular. We shall 
take these as our axes. 

Bearing in mind this proposition of ;the resolution and 
composition of couples, the following principles show how 
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to estimate the couple acting in any plane on a body, due to 
a force. Suppose a force E pounds, represented by F R, the 
line representing which is shown in three views in fig. 68, 
and which is parallel to planes 1 and 3, acts on the body 



Plane 1 





Plane 8. 



Fig. 68. 



shown (whose centre of gravity is G) at point P. The total 
resultant couple which this force produces is clearly 

R X P2 G2, 

for P2 Ga is the total perpendicular distance of G from the 
line of the force. This couple is represented by G2 S, which 

= R X G2 P2, 

and which is seen full length in plane 2. Couple G2 S may 
be resolved into two couples, G2 A and G2 C. Of these, 
G2 A is the component which acts in plane 1, and G2 C in 
plane 3. We are about to prove that the component 

G2 A = Pi Ri X Gi Pi 
G2 C = P3 R3 X G3 P3. 
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Now, 

G2 S G2 ^2 ^2 ^2 

therefore, multiplying up, 

rt A _ C^2 S X Gi Pi. 
U2 A n~P ' 

vjr2 i: 2 

also, G2 S = R X G2 P2 ; 

whence, substituting, 

G2A = R X GiPi. 

Expressed verbally, this result is as follows : — 
1. When a force (K), the line representing which is seen 
full length in any view (1) of a bo(Jy without any fore- 
shortening, then the component (G2 A) of the couple due to 
the force which acts in that plane (1) is equal to the product 
of the force into the projection (Gi P^) on that plane of the 
total perpendicular distance (G2 P2) of the centre of gravity 
from the line of action of the force. 

But we may go further than this. Let any oblique force 
P K, fig. 69, whose components in the three standard direc- 
tions are shown at Pi /^i, P2 P2i P3 Pui and whose total 
magnitude is P K, obtained as shown in the figure on the 
right, and whose projected lengths in the three views are 
respectively PiRi, P2^2» ^s^^2i ^^^ upon the body. We 
shall show that the couple in plane 1 is 

PiRi X Gi{7i, 

and similarly for the other planes. 

Now, the force PR will have precisely the same kine- 
matical effect on the body as its three components Pi Piy 
^2P2i PsPs- Of these, P2 ?>2 can produce no couple in 
plane 1, for it is perpendicular to that plane, and the total 
couple effect in plane 1 is therefore that due to forces Pi Piy 
P3 P3. Now, the effect of these is precisely the same as that 
of their resultant. Pi Ri, both as regards force and moment 
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about any point (see Hicks, page 111). As we have already 
shown at 1 above, the couple effect of Pi Kx, since it is seen 
full length in plane 1, will be 

Pi Ri X Gi g^. 

Hence we have the general proposition : 

2. To find the couple due to any force whatever, in 
any plane, take the projected length of the force on 
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Fig. 69. 



that plane, and the projected distance of the centre of 
gravity from the projection of the line of action of the 
force, and multiply them together. 



Effect of Two Forces. 

When there are two forces not in the same plane acting 
on a body, their kinematical effect is the same as that of a 
resultant force and a resultant couple, the magnitude of each 
of which can be easily found. Consider the forces P Q, R S, 
represented in fig. 70 as acting one in each of two planes, 
both parallel to the plane of the paper. The traces of 
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these planes are seen in the plan. And it may here be 
remarked that two parallel planes can always be drawn, 
each containing one of any two lines in space ; for a plane 
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containing one of the lines can always be rotated round 
that line as axis till it is parallel to the other line, so that 
this investigation is perfectly general for any two forces 
whatever acting on a body. 

Now, each of these two forces will produce its own effect 
on the motion of the centre of gravity G, and its own 
particular set of couples, independently of the other. The 
translational effect of each force has been shown to be that 
of a parallel force acting through the centre of gravity. 
Hence the resultant translational effect will be that of force 
Gi Ki. The couples will be determined exactly as before, 
thus — 
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Couple acting in plane 1 

= Pi Qi X Gi M + Ri Si X Gi N, 

and so on. Continuing this reasoning on for three or more 
forces, the same theorem can be made perfectly general, and, 
if all the forces are correctly represented in the three 
projections, the estimation of the resultant forces and 
couples is quite easy. It is impossible to understand tiie 
problem of balancing thoroughly, unless these principles 
are fully understood. 



CHAPTER XIII. 

Inertia Couples on an Engine. 

Now, the forces on an engine due to inertia act only in 
one or more parallel planes — the central planes of the 
cylinders. 

The whole of the forces can therefore be set off on one 
diagram representing that plane, as we have done. In the 
case of couples, however, this is not so. The resultant 
couples act in every conceivable plane. They have varying 
components in each of the three planes of reference, which 
we shall have to consider separately. 

Single Horizontal Engine. 

Consider, first, a single horizontal stationary engine, whose 
details are the same as those given above. We shall take 
the couples in the various planes in the following order : — 

1. Those acting in or parallel to the central plane as seen 
in side elevation, the lines representing which are parallel 
to the crank shaft. 

2. The plane seen in end elevation, represented by lines 
parallel to the axis of the cylinder. 

3 The plane seen in the plan, represented by vertical 
lines. 
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The balance of engines of this type is not a matter of very 
great importance, as they are usually bolted to very heavy 
foundations, so we shall treat of them as briefly as possible^ 
showing how the couples arise and how they may be 
measured. 

The lines representing the couples in each plane are seen 
full length in each of the other two views. Suppose, flrst^ 
that the engine is balanced by two counterweights, as 
already explained, so adjusted as to, bring the resultant 
force due to them into the central plane of the engine. 

1. The couples in this plane are due to three causes : — 

(a) Angular acceleration of flywheel and rotating parts. 

(b) Angular acceleration of the connecting rod. 

(c) The fact that the line of action of the unbalanced 

force does not pass through the centre of gravity of 

the engine and foundations taken together, when 

these are considered as separate from the ground in 

which the foundations are embedded. 

Of these (a) is small, and therefore unimportant, but could 

be found by the help of the principles explained under 

" Flywheels." 

(6) can be found by the method explained in Chapter IX. 
The curve deduced by this method will be given shortly 
(tig. 78) when considering a two-cylinder engine. 

(c) can be found, if the centre of gravity of the foundation 
be known, by finding the line of action of each of the forces 
by the following construction, and multiplying the force 
into the perpendicular distance of the centre of gravity 
from this line. Q, fig. 71, being the crank-pin centre, make 
the construction of fig. 56, and find C T, the force due to 
the pistoD, &0. Take C D equal to the force due to the 
balance weight, less that due to the cranks and pin, and 
find the resultant C R of C T and C D. Take G K, the line 
of action of the force on the connecting rod, and produce 
it till it meets C R in E. Mark off at E F on E G the force 
due to the connecting rod, and fiad the resultant E S acting 
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through E of E F and force E H, which = C R. This resultant 
gives the line of action required. 

2. Couples in this plane only exist when the centre of 
gravity of the foundations is not in the central plane of the 
engine. They are equal to the product of the distance 
between the centre of gravity and the central plane into the 
vertical component of the unbalanced force. The first factor 




Fig. 71. — Construction for finding line of action of resultant force. 



of this product being constant, the variations of the second 
factor show the variations of the couple. 

3. The same remark applies to these couples, the product 
in this case being that of the same distance as before with 
the horizontal component of the unbalanced forca 

When there is only one balance weight on the flywheel, 1 is 
the same as before, as the alteration does not affect couples 
in this plane. In the case of 2 and 3, however, an additional 
couple is produced, which is represented in each case by radial 
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curves, which, when developed on to a straight line, become 
harmonic cnrves, and which, therefore, radially are pairs of 
circles whose diameters are vertical and horizontal respec- 
tively, and of a magnitude representing the product of the 
force due to the balance weight, and the distance in end 
elevation from the centre of gravity of the weight to the 
central plane. These curves are shown in fig. 72. Thus 
when the crank is in position O P2, P3, the couple in plane 
2 is O E2, and in plane 3, O R^. 

It is a matter of opinion to what extent this method of 
balancing is better or worse than no balancing at all — that 
is to say, whether the vibrations and other effects produced 




Fio. 72.— Curves showing the nature of the couple disturbance 
due to one balance weight only. 

by this couple, whose axis continually rotates at 90 deg. 
in front of or behind the balance weight, according as 
the flywheel is on the left or right of the engine as seen 
from behind, be not more prejudicial to smooth running 
than the forces which the weight is supposed to balancq. 
As far as regards the vibration, it, of course, depends to 
A large extent on the distance between the flywheel and 
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the central plane, but in any case the rotation of the 
weight produces additional stresses in the shaft and wear 
of the bearing, so that it is certainly open to question 
whether it be not better dynamically to leave an engine 
unbalanced altogether. With vertical engines, however^ 
the weight of moving parts is so great, that not only does 
it produce an appreqiable difference in speed between the 
upstroke and the downstroke (especially in slow-moving 
engines), owing to, on the one hand, the extra work that 
has to be done by the steam in lifting the parts, and, on the 
other, the additional work that is done by descent of the 
parts themselves on the downstroke, the amount of work 
being, in fact, drawn from the steam during the up- 
stroke and carried forward to the downstroke ; but, in 
addition, the weight is so disposed that the engine always 
stops on the bottom dead centre, making the engine 
difficult to start, especially when cut-off takes place early. 
For these reasons it is well to balance a large part of the 
weight of moving parts of vertical engines, even when only 
one balance weight can be used, especially when they have 
to be frequently stopped. 

We shall now apply the principles enunciated in the 
last chapter to the drawing of diagrams for two-cylinder 
engines, with cranks (1) opposite, (2) at right angles, in order 
to exhibit exactly the nature of the disturbance due to 
inertia. We shall not treat of three-cylinder engines, because, 
if the principles here explained are thoroughly understood,, 
the student will have no difficulty in doing it for himself, 
and, if they are not, nothing we can say short of reiteration 
will help him. 

Two-cylinder Engines. 

(1) Cranks Opposite. 

We shall first derive the force curve for a vertical engine 
with two equal cylinders, and whose details are the same as 
previously given, and whose central planes are 18 in. apart. 
This curve is seen in fig. 73, which curve is twice traced,. 
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as shown by the numbers on the curve, these numbers 
referring to the position of crank pin No. 1. This is due 
to the fact that during the second half of the revolution 
the forces due to the piston and connecting rod, &c., of 
cylinder No. 2 are precisely identical with those due to 
the parts of cylinder 1 during the first half, and vice versd. 
Therefore the resultant force when the pin 1 is in position 3, 
suppose, is the same as when pin 2 is at 3 — ^that is, when pin 
1 is at 9. Hence 3 and 9 on the curve are the same point. 




Fjq. 73.— Inertia forces acting on a two-cylinder engine with 

cranks opposite. 

Fig. 73 is obtained by combining on fig. 57 force 1 with 7, 2 
with 8, and so on, by means of the parallelogram of forces. It 
has been remarked that this is a favourite form for high-speed 
engines, and a comparison of fig. 72 with fig. 57 (which latter 
represents the force curve for one of the cylinders) will 
explain the reason. It must be borne in mind that fig. 73 is 
produced without any balance weights at all, the result 
being due to the fact that when one piston, &c., is being 
accelerated in one direction, the other is being accelerated 
in the opposite one, except for a certain small distance near 
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mid-stroke, daring which the accelerations are in the same 
direction. Owing, however, to the effect of obliquity, these 
accelerations are not always exactly equal, otherwise curve 
73 would reduce to a point ; in other words, force balance 
would be perfect. 

It is quite another matter, however, with the couple 
balance, since the opposite forces are not in the same straight 
line. Consider first couples parallel to plane 1, the central 
plane. 

The couples in this plane are due to three causes, explained 
in the last section, page 156. 

(a) is found precisely as there explained, except that, 
there being two tangential forces wMch vanish at the same 
instant— 1.€., at dead centres — the resultant variation of 
angular velocity of the flywheel is almost double of what it 
is with one cylinder only. In spite of this, however, it is 
small compared to the other couples, and therefore 
unimportant. 

(6) The couples due to the angular acceleration of the 
connecting rods will be given in the next chapter, fig. 82. 
It will be there seen that at opposite points of the crank 
circle the angular accelerations of the rods are practiciEiUy 
equal and opposite, and therefore, the rods being precisely 
alike, the resultant couple due to both rods together 
vanishes. 

(c) There being little force in plane 1, the couple due to 
the fact that it does not pass through the centre of gravity 
will be small, and therefore unimportant. 

Thus it appears that with engines of this type couples in 
plane 1 practically disappear. 

Flane 2. — The couples in this plane — the front elevation — 
whose axes are horizontal, and from front to back of 
the engine, or vice versd, and which tend to overturn 
the engine sideways, are found as follows : The oval 
curve in fig. 74 represents the forces acting on a single 
engine ; being, in fact, a reduced copy of fig. 57. Consider 
the instant when crank pin A is at 5, as shown. The 
12d 
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Fin. Tl.— Figure to eiplHin the traduction of couplea luatwo-cjliitder 
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position of the cranks is referred to that of one pin A, 
to avoid confusion. It is clear that, at this point of the 
stroke, force O 5 is acting in plane A, and 11 in plane B. 
Now, it follows from what we have said that it is the 
vertical component only of these forces which produces 
couples in plane 2 ; that is to say, the couple at this instant 
is that produced by forces A2 P2) B2 Q2< The magnitude of 
this couple is clearly 

A2P2 XI-+B2Q2 x^=(A2P, + B2Q2)x^. 

Since - is constant, it is clear that the required couple is 

represented to some scale or other by (A2 P2 + B2 Q2) ; that 
is, by the vertical distance between points 5 and 11. We 
have, then, to plot this vertical distance radially all round a 
circle at points which represent the corresponding position 
of our crank pin of reference, in this case A, and afterwards 
determine and draw the corresponding scale. When the 
couple changes its direction from positive to negative, the 
distance must be plotted inwards towards the centre of the 
circle, the radius of the circle being chosen (at random) so 
that it is greater than the scale length of the greatest couple 
with which we are dealing, so that the curve never comes to 
the centre of the circle. Since we are now dealing solely 
with couples whose axes are horizontal, and from front to 
back of engine, or vice versdy it is clear that, the direction 
of the axis being known, we have only two variables to 
exhibit— t.e., position of crank A, and magnitude of couple 
in plane 2, positive or negative. This produces curve A, 
in fig. 75. The scale is found as follows : If the force scale 
of the curve from which the measurements are taken is 
1 in. = 8,000 lb., suppose, and the distance apart of the 
cylinder planes is 18 in., suppose, so that 

- = 9in., 

then 1 in. on the couple scale must represent 8,000 x 9 = 
72,000 pound-inches, and the scale must be drawn accordingly 
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For the purpose of making the meaning of this curve 
absolutely clear, we shall take an illustration. When the 
crank A is in position 3, the couple acting on the engine 
tending to overturn it sideways is of magnitude 33a, and is 
positive — t.e., right-handed, as seen from the front, this 
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Fio. 75. — Curves showing couples acting on a two-cylinder engine with 
cranks opposite — A, plane 2 ; B, plane 3. 

being indicated by the fact that 33a is plotted radially 
outwards. (In fig. 74, A2 B2 is a diagrammatic view of 
the crank shaft, as seen from the front. The couple 33a of 
fig. 75 is in the opposite direction to the couple P2 Q2> 
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shown in fig. 74). When pin A is at 9, there is a negative 
couple of magnitude 99a. 

Plane 3. — Precisely the same principles are applied to the 
finding of couples in plane 3— the plan. Here, however, we 
have to take the horizontal distance between two opposite 
points of the force curve, for it is the horizontal components 
of the forces only which produce couples in the plan — that is, 
couples whose axes are vertical. These couples, represented 
precisely as before, are shown at curve B, fig. 75. They will 
be seen to be of much smaller magnitude than the couples 
represented in curve A. The curve, however, is of precisely 
similar character to curve A ; that is, both are harmonic 
curves distorted by obliquity of the rod, the marked dent 
in curve A, which gives that curve a sort of heart shape, 
being merely due to the fact that the radius of the circle is 
nearly equal to the maximum A couple. If the curves had 
been plotted, as in Zeuner's valve diagrams, directly out- 
wards from the centre of the circle, the two curves would 
nearly become two pairs oE circles, such as are shown in fig. 
72. This method, however, is not nearly so clear as the 
present one, because the essential difference between positive 
and negative is not so plain in the former. 

Now, if this engine is to be balanced in respect of its 
couples, its force balance being already as nearly perfect as 
we can hope to get it without considerable complication of 
mechanism, we shall have, as before, to resort to weights on 
two flywheels. If we put one weight on one flywheel, the 
force balance will be destroyed, though the couple balance 
might be improved ; but as no tests have ever been made as 
far as the author is aware to compare the relative 
disadvantage of want of force and couple balance, it is 
impossible to say definitely or generally what it is best to 
do in cases where only one flywheel is available. In the great 
majority of cases no balance weights are used at all, and this 
is probably best. The question only becomes of importance 
when the engine is supported on springs, or, being portable, 
has only light foundations. The couple balance can be much 
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improved withont digtorbing the force balance by means of 
two balance weights placed opposite to one anothei; on two 
flywheels. To find the best valae for these weights, we 
shall have to compound the two sets of couples already 
foand. It has been proved that the couples in plane 1 are 
comparatively small, and may be neglected, or at anyrate it 
would be very difficult to diminish them ; so that we have 
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Fio. 70. —Curve sbowiug rosultunt couple on a two-cyliader eugiue 

with cranks opposite. 

to consider only cDuples in planes 2 and 3. The axes of both 
these sets of couples, and therefore those of the resultant 
couples, are always parallel to the central planes of the 
cylinders. If, then, a radid curve be drawn to represent 
the values of the resultant couple in magnitude and direction 
of axis, at all points of a revolution, this curve will lie in 
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plane 1. Now, as the axes of the couples dae to two weights 
on opposite sides of two flywheels are also parallel to this 
plane, it behoves us to see how far the latter may be 
arranged to counteract the former. In order to do this the 
curve showing the couple to be balanced is obtained by 
compounding by the parallelogram law corresponding 
values of the two couples found from curves A and B in fig. 
75, and plotting the resultants radially round the origin 
and numbering them, just as we treated the forces in fig. 57. 
Take, then, two axes XX, Y Y, in a plane parallel to the 
central plane, intersecting at right angles in O, fig. 76. 
Directions measured along X X represent couples in plane 2, 
and those along Y Y represent couples in plane 3. To find 
the resultant corresponding to, say, position 3 of pin 1, set 
oti' a distance equal to 33a along O X in the positive 
direction, and 33b along O Y in the negative direction — i.e., 
downwards (since 33b is plotted inwards). Complete the 
parallelogram. The distance O 3, on fig. 76, then represents 
the magnitude of, and direction of the axis of, the resultant 
couple when the crank pin is at 3."^ This process must be 
continued right round the circle, and we obtain, as before, 
an elliptic curve, which, in fact, is always the result of 
combining two harmonic motions of unequal amplitude, but 
equal period, at an angle (and in this case a right angle) 
to one another. This figure, though not exactly an ellipse, 
because its components are only approximately harmonic, is 
much nearer to it than the force curve on fig. 57, being 
quadrilaterally symmetrical Consideration of the method 
of obtaining this curve will show that the magnitude of the 
resultant couple is given to some scale by the direct distance 
between the two points on the force curve. The axis is, of 
course, perpendicular to this line. 



'' The reference crank pin A is furthest away from us in the diagrammatic end 
view of the crank shaft, given at the top of fig. 76. The student must always 
keep clearly in his mind which is the reference crank pin, and from which 
side of the engine he is looking, otherwise he will infallibly get confused about 
the proper direction for his axis. 
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This curve then represents the conple to be balanced. 
Now, two rotating weights at opposite sides of two fly- 
wheels, revolving at constant speed, clearly produce a 
constant couple, whose axis revolves at 90 deg. behind the 
weights, and which, if each weight is put opposite the crank 
on its own side, is in general opposite in direction to the 
couple produced by the parts, and we are therefore here met 
by a difficulty precisely similar to the one which confronted 
us when dealing with force curves — that is to say, we have to 
balance a magnitude represented by the radii of an ellipse 
whose radii vectores are not angularly equidistant, by a 
magnitude represented by a circle whose radii vectores are 
equidistant. The result must evidently be only an approxima 
tion to perfect balance, and the amount of that approximation 
is determined precisely as before. By balancing various 
fractions of the maximum couple we should obtain curves 
which would be similar to the force curves given on fig. 59 
but not so much distorted from the elliptic shape. In 
practice, for all-round balancing, we halve the sum of the 
maximum couple and the minimum, and strike the circle 
B B in fig. 76, and the equidistant radii of this circle are 
to represent successive values of the balancing couple, due 
to the rotation of the balance weights on the flywheels. But 
it must be noticed that any radius of this circle is at right 
angles to the plane containing the axis of the shaft and the 
centres of gravity of the balance weights in the correspond- 
ing position. 

We have already proved the principle of the composition 
of couples, and it is therefore clear that the magnitude and 
direction of the axis of the resultant unbalanced couple will 
be found by joining the points on the circle with the corres- 
ponding points on the curve. Thus, 33, or 3 on the 
central curve, represents the resultant couple when pin A is 
at 3. These resultants are, in flg. 76, plotted round the 
origin independently, producing curve R R, which it will 
be seen is very nearly a circle, whose radii are approximately 
equidistant, and which go the opposite way round to the 
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direction of rotation. Hence, as before, the couple balance 
may be made practically perfect by the same device as 
previously suggested— i.e., arrange two auxiliary balance 
weights to rotate the opposite way round to the direction 
of rotation of the crank shaft with the same angular 
velocity, and to coincide with the primary weights at dead 
centres. 

The balance circle B B having been determined on, it 
remains io deduce the magnitude of the balance weights. 
First, it must be noticed that, whether the flywheels are 
unequal or not, the balance weights must be such that their 
rotation produces equal centrifugal forces ; that is to say, 

Wi El = Wa Eg, 

otherwise the force balance will be disturbed. To determine 
the actual magnitude of the weights, And the couple 
represented by the chosen radius of the circle in fig. 76. 

Suppose this represents 10,800 pounds-feet. This is the 
couple to be produced by the rotation of the weights. 

Assume the distance apart of the centres of gravity to 
be 4 ft 

Then the force to be produced by each weight 

= 10800 ^2^00 lb. 
4 

Suppose the radius of the centre of gravity of the balance 
weignt to be 

18 in. = 1-5 ft, 
then ^ ^ 3^^'^^ ^'^ = 2700 

^ ^ 2700 X 32-2 ^2^.2 lb. 
1-6 X 2730 

where M is the magnitude of one weight 

The value of the unbalanced couple, as measured from the 
diagram, is about 4,850 pounds-feet, as against about 15,600 
when no balancing is attempted. 
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Suppose the width of the bed plate is 4 ft. An unbalanced 
engine would be tilted off the ground on one side (unless 
held down) if its weight were less than 

15600 



2 



= 78001b., 



whereas the balanced engine would not be disturbed unless 
its weight were less than 2,425 lb. 



CHAPTER XIV. 

The Balancing of Two-cylinder Engines with Cranks 

AT Right Angles. 

The balancing of an ordinary locomotive is perhaps the 
most important of all problems of balancing, and we shall 
therefore take it as an example. But in order that the 
various curves may be comparable with those already 
obtained for other types of engines, it will be necessary to 
asstime details and conditions difiering considerably from 
those which are met with in actual practice. We shall, then, 
assume that the details of this imaginary engine are the 
same as we have considered throughout, the gauge being 
4 ft, the distance apart of the cylinder centres 18 in., and 
the reference speed 500 revolutions per minute. We shall, 
as before, explain first a rough approximate method of 
obtaining the magnitudes of the weights — which method is 
commonly used in practice— and afterwards treat the 
question accurately. 

I. Approximate method. 

The usual method adopted in balancing locomotives is to 
consider each set of details separately, and to calculate the 
magnitudes of two weights, one on each driving wheel, 
which, placed opposite the crank, would balance a definite 
fraction of one set of the moving parts concentrated at the 
crank pin, and the resultant force due to which weights 
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acts in the central plane of the cylinder under consideration. 
This being done for each set of details, whether equal or 
not, results in two 'weights on each wheel These are then 
combined into one on each wheel, as will be shortly 
explained. A better practice is that adopted in America, 
which is to divide each resultant balance weight so found 
into two or more parts, and to put one part on each of the 
coupled wheels. The efiect of the weight so disposed on the 
engine as a whole is the same as regards couples in planes 
2 and 3, but is different as regards couples in plane 1, which 
latter, as will be presently explained, are unimportant. 
The advantages obtained are that the vertical forces tending 
to lift the driving wheels off the rails independently of the 
rest of the engine (which forces will be presently discussed) 
are distributed among two or three wheels, and therefore 
the force tending to so lift any particular wheel is pro- 
portionally diminished. Also the vertical force due to the 
same reason which causes additional pressure between wheel 
and rail is diminished for one particular wheel, and the 
resulting wear of the tyres is most uniform. 

There are various rules of thumb used by locomotive 
engineers to determine the fraction of the moving parts 
which is to be balanced. The difference between them is 
more or less unimportant. They all work out to about 80 
per cent of the weight of moving parts, together with the 
whole revolving weight. 

This method of calculating the weight required is as 

follows : Let W be (the calculated fraction of the one set of 

reciprocating parts + weight of pin + weight of cranks 

reduced to radius of pin) all supposed concentrated at the 

crank pin. Let r be the crank radius, and E the radius of 

the centre of gravity of the balance weight, which latter 
will be rather less than the half diameter of the driving 

wheel The whole magnitude of the balance weight is then 
Call this weight w. 
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Now, w must be divided between the two wheels, so that 
the resultant force due to the two parts lies in the central 
plane of the cylinder under consideration. 

This may be done by the construction shown in fig. 60, or 
as follows : 

Let w^ W2 be the two weights to be found, d^ 6,2 the known 
distances from the centre of gravity of the weights to the 
central plane under consideration. 

Then we must have — 



and 



Wi d^ — W2 C?2' 



From these simultaneous equations we deduce 



W^ = W 



d^ 



and Wo = w 



dr 



d^ + C^2 



This being done for each set of details results in two 
weights on each wheel, a large one and a smaller one, as 
shown in fig. 77. If, as usual, the details for both cylinders 

are equal, the ratio of these two weights will be -^, 





Fig. 77. — Approximate method of determining balance weights on a locomotive. 

Now, when a wheel so loaded revolves, it is clear that each 
weight will produce its own centrifugal force. These forces 
are OF, O Q, acting radially outward. 
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The same effect will be produced on the engine as a whole 
by a single force O R, which may be produced by a single 
weight wr, such that 

vh __ OR 
w^i OT' 

or, what comes to the same thing, 

Wr _ OR 

Hence, to find the actual magnitude of the weight, set out 
O P, O Q at right angles opposite the respective cranks and 
equal to w^ w^ respectively ; complete the rectangle ; then 
O R will represent one resultant weight. The other weight 
will be found by the construction shown dotted in fig. 77. 
They may be calculated thus, without a diagram — 

Magnitude of each resultant weight (if alike) 

Angle between them, seen in side elevation, 

-1 Wo 



= 90 deg. - 2 tan 



10^ 



Now, the effect of the two weights w^on. the engine, as a 
whole, is precisely identical with that of the four weights 
w^ W2t and that of these, again, is exactly the same as if the 
whole calculated weights w had been rotating in the central 
planes of the cylinders ; and in future, therefore, we shall, 
for convenience, consider the effect of the weights w in the 
central planes opposite the respective cranks, instead of the 
weights w ,, on the wheels. In fig. 78, the smaller of the two 
curves shows the result for one set of details of balancing 
80 per cent of the moving parts, obtained as in fig. 57. By 
combining on this curve force 1 with force 10, 2 with 11, and 
so on, we obtain the larger curve, which is the resultant force 
curve, referred to the position of the leading crank pin. 

Couples. — Fig. 79 shows in the same way as fig. 74 the 
way in which couples in planes 2 and 3 arise in a working 




Fig. 78.— Curve showing resultant forces on a locomotive (engine travelling 

towards left). 
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locomotiye or other engine with cranks at right angles. 
We have said enough in connection with iig. 74 to show how 
the magnitudes of the couples are to be obtained, and we 
shall, therefore, merely give the results of the process, fig. 
80, from which an idea may be obtained of the way in which 



t 




Via, 79.— Figure showing the way in which couples arise in a working locomotive. 



the couples vary both as regards magnitude and direction ; 
as before, couples in plane 2 tend to overturn the engine 
sideways, and those in plane 3 tend to twist it off , the, rails 
about a vertical axist 
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IL Accurate method. 

According to this method /the forces on the engine are 
treated separately from the couples, and it is shown how to 
adjust the weights so that any desired fraction of the total 




Fia. 80. — Curves showing the couples on a locomotive in planes II. and III., 

when 80 per cent of the parts are balanced. 

force can be balanced as well as any independent fraction of 
the I total couple. 

The force curve of the unbalanced engine is shown in 
fig. 81. It is obtained from fig. 57, according to the 
principles explained in the last section — that is, by com- 
bining on fig. 57, which is the same cjirve as curve A A, 
fig. 81, force 1 with force 10 by the parallelogram law, 
and labelling the resultant 1 ; that is to say, for clearness 
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we are referring all the resultant forces to the position 
of the leading crank pin. But it must be noticed that, 
whereas fig. 57 is drawn for a vertical engine, a locomotive 
is a horizontal one, or nearly so. We have, for clearness 
sake, drawn the figure for an engine whose line of 
stroke is exactly horizontal. Therefore the curve given in 
fig. 57 must be turned through a right angle, with the 
longest radius vector pointing to the assumed position of 
the cylinders. Further, when a locomotive is travelling 
forwards the engine works the opposite way round to the 
direction we have throughout considered to be the positive 
one, because the cylinders are at the front This will produce 




Fio. 81. — Inertia forces acting on a locomotive frame when unbalanced. A A, 
due to one set of details. B B, due to both sets. 



a reversal of the direction in which the successive points 
1, 2, 3, <fea, move round the elliptic curve, fig. 57. The 
central curve A A, in fig. 81, shows the forces due to a single 
set of details working at 500 revolutions per minute. The 
larger curve B B shows the forces in play when both sets are 
acting simultaneously, the figures on it referring to the 
13d 
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position of leading crank. The student can only obtain 
an accurate general idea of the relative magnitudes of the 
forces in play in this and other types of engines by carefully 
comparing the different drawings. 

Consideration of the various axes of symmetry of these 
curves is also a very instructive exercise. 

The effect of these unbalanced forces on the engine 
considered as a whole is as follows : Consider, first, the 
horizontal components when the engine is travelling at a 
high constant speed. Suppose the speed to be that corres- 
ponding to 500 revolutions per minute. One might at first 
sight be tempted to think that the effect on the centre of 
gravity of the engine as a whole would be an alternate 
superposed acceleration and retardation, due to the alternate 
forward and backward force. This, however, is not strictly 
accurate, as the following considerations will show. It has 
been pointed out that velocity and acceleration are entirely 
independent of one another. In considering the acceleration, 
therefore, we do not need to confuse ourselves by con- 
sidering what may be the velocity of the engine. The 
acceleration will be the same whatever the velocity, if the 
forces in play are the same. Hence we may consider the 
effect on the engine when it is suspended clear of the 
ground, with the wheels revolving at 500 revolutions per 
minute, in such a way that it cannot as a whole rotate 
about a vertical axis. Now consider the motion of a 
point on the frame of the engina It will obviously be a 
small rapid forward and backward oscillation, due to the 
forces induced by the accelerations of the moving parts, 
for these are separate from the frame of the engine, and 
therefore produce forces which, as regards the frame and 
boiler, &c., must be considered as external forces. But 
no internal mutual force or stress in any body can generate 
motion of the centre of gravity of the body as a whole. 
When a gun goes ofi, the backward momentum of the gun 
the instant after firing is equal to the forward momentum 
of the shot. The centre of gravity of the shot and gun 
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taken together does not move a thousandth of an inch. 
There are forward forces subsequently applied to the gun to 
bring it to rest, which have the efiect of causing this centre 
of gravity to move rapidly forward. But these are not 
internal or mutual forces between gun and shot When a 
shell explodes, the centre of gravity of all the fragments 
follows precisely the same curve as the centre of gravity of 
the unburst shell, until the altered air resistance due to 
change of form takes effect. In the suspended working 
locomotive the centre of gravity of the whole remains 
absolutely at rest, though that of the moving parts moves 
backwards and forwards, and that of the frame, boiler, <&c., 
forwards and backwards. So also when the locomotive is 
travelling the centre of gravity of the whole machine, 
including moving parts, moves slightly relatively to the 
boiler and frame, but its acceleration is absolutely unaffected 
by mutual forces. The centre of gravity of the boiler 
and frame, and the parts rigidly attached thereto, however 
does suffer alternate forward and backward disturbances. 

Couples, — The couples in plane X do not practically vanish 
in engines of this type, as they did in the engine with cranks 
opposite. The effect of them is to produce variations in 
relative pressure between the front and back pairs of 
wheels and the rails, and they are quite unimportant, as 
they do not affect the stability of the engine, inasmuch as 
these pressures are directly upward and downward, having 
no lateral component, and also because the wheel base (which 
becomes the arm of the counteracting couple) is so long as 
to reduce the necessary forces to a very small quantity. As 
before, they are due to several causes. 

(a) The irregularity of the tangential driving force causes 
slight variations in the angular velocities of the wheels 
when the engine is running at a constant mean speed. The 
reaction due to this produces a couple in plane 1. 
« (6) The actual driving force is the horizontal friction 
between the driving wheels and the rails acting at the level 
of the latter. This force does not pass through the centre 
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of gravity of the engine, which point is situated generally 
about 18 in. above the centres of the driving wheels. The 
resistance to motion or lag force, due to the inertia of the 
engine itself, acts through the centre of gravity, while that 
due to the train acts through the coupling or the buffers, 
according as the engine is pulling or stopping the train. 
Hence arises a couple which, when the engine is increasing 
in speed, tends to throw more weight on the hinder wheels, 
and when slowing down on the front ones. 

(c) The angular acceleration of the connecting rods. Fig. 
82, curve A A, shows the value of this angular acceleration 
of one rod. The values for its determination may be 
found as follows : Eeferring to fig. 56, and the explanation 
accompanying it,^ we see that every point on the bed plate 
of the engine was supposed to be moving with a constant 
linear velocity, each along a different imaginary curve, each 
of which was a circular arc whose radius was equal and 
parallel to C Q. The result was that every point on the 
engine was moving with a constant angular velocity whose 

magnitude was — radians per second, v being measured in 

r 

feet per second, and r, the radius of the imaginary curve 
(which is, in fact, the crank radius), being measured in feet 
The angular velocity of the engine as a whole is zero, since 
it always keeps parallel to itself. The acceleration of the 
truck in the direction in which it is moving is zero, its 
velocity being constant, and therefore its angular accelera- 
tion is also zero. The whole engine is, in fact, to be 
imagined moving just as the coupling rod of a locomotive 
moves relatively to the engine, every line in it keeping 
always parallel to itself, and therefore having as a whole 
no angular velocity, but every point describing its own 
circle. Now, since neither the angular velocity nor the 
angular acceleration of any extended part of the engine 
is afiected by this assumed motion of the truck, it is clear 
that the connecting rod will have precisely the same 
angular acceleration when the engine is at rest as it 

* See also tho addendum to this explanation. 
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has when the engine is on the moving truck. Now, we 

know that in the latter case the point Q is at rest both in 

respect of its velocity and in respect of its acceleration. 

Now, since the crosshead pin P has a linear acceleration 

on the. moving truck of the value P M, it is obvious that the 

angular acceleration of the rod P Q must be the component 

of P M perpendicular to P Q in feet per second, divided by 

the length of the rod in feet. Now, P M — T Q, and the 

component perpendicular to P Q is given by the length of 

the perpendicular T S (see fig. 47) from T on to P Q. The 

point S is not lettered in fig. 56, to avoid confusion, but will 

be found in the corresponding position on fig. 47. Now, 

since the rod P Q is of constant length, it is obvious that 

T S 
the ratio ^pYi ^H be always represented on an appropriate 

scale by the length of T S, which scale must be afterwards 
determined as follows : — 

Suppose linear accelerations are found in fig. 56 to a 
scale of 

1 in. = 1000 ~, 
sec* 

the length of the rod, centre to centre, being 2 ft, the scale 
of angular accelerations will be 

radians per second per second. This value of the angular 
acceleration is plotted radially round the crank-pin circle, 
as shown in fig. 82. The corresponding couple in pounds- 
feet, acting on the engine in plane 1, is found by multiplying 

this angular acceleration by -, where I = moment of inertia 

g 

of rod about its centre of gravity » 59*2 pounds-feet^, and g 

ft 
the acceleration due to gravity in -~, 1 and g are both 

sea^ 
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constant ; hence we have only to determine a scale of couples 
applic3ible to the rod, the scale being found as before, viz., 

1 in. = 500 X ^ = 920 pounds-feet 

322 *^ 

Njw, in this case there are two rods which are being 
simultaneously accelerated or retarded angularly, simul- 
taneous values being such as are shown on fig. 82, curve A, 
separated by a right angle. Now, the couples due to both 
rods are in parallel planes ; hence the couple effect on the 



^fil»-n 




Fio. 82. -Angular accelerations and couples due to vibration of connecting rods. 
A A, due to one rod, 1=69*2 lb.-ft.2 B B, due to both together. 

engine as a whole due to the angular acceleration of rod 1 
in position 3, say, is precisely identical with that of rod 2 in 
the same position 3. It is thus obvious that to find the 
resultant effect of both rods, we have to add (in the algebraic 
sense) the corresponding values (those shown on curve A, 
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fig. 82, separated by a right angle), due regard being had to 
t^e positive or negative sign of the corresponding valnes. 

This process produces cnrve B, in fig. 82, this carve 
showing, in the same measnre as before, the resnltant conple 
dne to the simultaneons angular accelerations of both rods 
on the engine as a whole. 
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Fio. 88.— Couples in planes 2 and 8 acting on an unbalanced locomotive. 

Planes 2 and 3. — Couples in these planes are obtained in a 
similar manner to those given in fig. 75 — that is, by taking 
off from a force curve the vertical and horizontal distances 
respectively between the two points on the curve which 
correspond to any two simultaneous positions of the two 
cranks. This process produces the curves given in fig. 83, 
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Fio. 84. — Curve M N. Resultants of the couples in planes 2 and 3 acting on 
an unbalanced locomotive Circle C C, balancing couple. Curve R R, resultants 

when balanced by a couple = ™^^ 1^ ™ '^ 
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curve II. being for plane 2, and curve III. for plane 3. They 
are combined into a resultant curve just as before, producing 
curve M N, fig. 84. 

Consideration of the method of obtaining this latter curve 
and the corresponding one in fig. 76, obtained for cranks 
opposite, will show that the resultant couple is given by the 
actual length of the line joining two corresponding points 
on the force curve. The axis of the couple is, of course, at 
right angles to this line. 

Now, great care and thought must be exercised in deter- 
mining points on this curve, in order to obtain the proper 
direction for the axis. The engine has on these figures 
been imagined travelling towards the left, in order that the 
student may be able to exercise his mind on this subject. 
The couples in plane 2, tending to overturn the engine side- 
ways, are shown positive on fig. 83 when the axis of the 
corresponding couple is pointing in the direction in which 
the engine is travelling. 

The leading crank, to the position of which all numbers 
refer, is supposed to be the one nearest to us in all the 
figures given in this connection. Couples in plane 3, the 
plan, tending to twist the engine about a vertical axis, are 
shown positive when the direction of the axis is upwards. 

It is thus clear that, in combining the couples, those which 
are shown positive in curve 2 must be plotted towards the 
left — t.tf., in the negative direction. The engineering student 
should always persistently exercise himself in thinking 
about things themselves, and not allow the symbol or lines 
which represent the things to distract his attention from 
what they represent. He should never, as it were, wrap up 
his ideas and thoughts in a parcel of symbols, and use rules 
of thumb about the symbols in order to save himself the 
mental trouble of untying the parcel That is the mathe- 
matician's way of arriving at conclusions. It often serves 
the engineer's purpose very well as a much-needed check 
on his results, but is rarely to be relied on alone. 

We have now arrived at the force and the couple which have 
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to be balanced. The ordinary method of determining the 
balance weights on a locomotive has been already discussed. 
That method, as we have seen, consists in taking an arbitrary 
fraction of the moving parts of each cylinder and balancing 
each separately by means of the principles already explained 
for a single engine. It is not possible by that method 
to deal separately with the force and conple, and the 
designer is left qnite in the dark as to the results of what 
he is doing, trusting entirely to his rule of thumb to balance 
both the force and the couple. By the present method each 
is treated separately, and, though it involves a little more 
trouble, the designer at least knows what he is doing. 

Strike circles F F and C C on each of the diagrams, fig. 
81 and fig. 84, to represent the magnitudes of the desired 
balancing force and balancing couple. These must be deter- 
mined with much care and foresight. 

It is clear that from symmetry the direction of the 
counter-balancing force for position 1 will be opposite to 
the cranks and half way between them — that is, at 45 deg., 
as shown at O T, on fig. 81. Therefore, in accordance with 
the principles already explained in connection with fig. 57, 
<&c., the resultant force is given in position 1 by S 1, and so 
on throughout. The circles shown on fig. 81 and fig. 84 
are chosen as having radii representing a force and a 
couple respectively half way between the maximum and 
minimum values of the force or couple they have to balance. 
These would be used in a general case of an engine with 
cranks at right angles, but would probably be considerably 
increased in the case of a locomotive, and they are not 
put forward as being the most desirable magnitudes in 
such a case. The axis of the balancing couple, also 
from symmetry, would be parallel to the balancing force, 
but opposite in direction, and therefore the resultant 
couples are given, as already explained, by such lines as 
K 4. All such lines are plotted separately round the 
origin in fig. 84, producing curve EE, which therefore 
gives the resultant couples acting on the balanced engina 
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This should be compared with the corresponding curve for 
cranks opposite (EE, fig. 76). Now, by inversion of the 
process of compounding which we have several times gone 
through, imagine the force O E, fig. 85, which is equal and 
parallel to O T of fig. 81, split up into two equal components 
OF, O Q, one acting on each wheel, acting at an angle P O Q, 
as seen in side elevation. It is clear from what we have 
said that the force resultant of these will be OE acting 
on the engine as a whole, apart from the moving parts. It 




Fio. 85. — A method of detennluixig the positions and magnitudes of balance 

weights in a locomotive. 

is also clear that if the angle between OF and OQ be 
judiciously chosen, they may be made to exert a couple of 
any desired constant magnitude acting in the plane perpen- 
dicular to the paper whose trace is Ci, O C, and whose axis is 
therefore parallel to O E. For force O Q, for instance, acting 
on the further wheel, has precisely the same effect on the 
engine as a whole as two forces O Ci, O S, each acting through 
the centre of the further wheel. Similarly O F, acting on the 
nearer wheel, has the same efiect as O C, O S acting through 
the centre of the near wheel. Now, O C and O Ci form a 
couple in plane Ci, O C of the magnitude O x 4ft The 
other two forces, each equal to O S, being parallel, have a 
resultant O E acting through the centre of the engine. It 
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is thus clear that the two forces O F, O Q, acting as already 
explained, will produce on the engine a resultant balancing 
force of the desired magnitude OK, together with a 
balancing couple in the plane whose trace is C O Ci, 
and of magnitude O C x the gauge or distance apart of the 
centres of gravity of the balance weights ; and if the force 
O F is made to act on the wheel on the same side as the 
crank p, to which O P is most nearly opposite (and 
similarly for force O Q), then this couple will in general 
act in such a way as to diminish the resultant couple on the 
engine. Now, since the couple which they will exert is 
O X distance between the centres of gravity of the wheels, 
we have the following construction : Divide the desired 
balancing couple O 0, fig. 84, by the gauge, and plot the force 
so found along O C and O Ci, fig. 85. Bisect O H (equal to the 
radius O T of the balance circle on the force curve, fig. 81) 
in S, and draw Q S F perpendicular ; draw F, Ci Q parallel 
to O K ; then O F, O Q will be the forces to be produced 
respectively by the rotation of the balance weights. Of 
these, O F will be on the nearer side, and O Q on the further 
one. The weights Wp Wq can then be determined as before. 
If the balance weight is required to be very light, the 
force balance O R might be very much reduced without a 
very evil effect. The couples are all-important in balancing 
a locomotive, and a balancing couple of the same magnitude 
as that produced by O F, O Q might be produced by any 
such forces as O Fi, O Qi. 

Relative Motion of Engine and Crank Shaft. 

We now come to a question which did not occur in the 
stationary engines we have previously considered. . In the 
latter the crank shaft was rigidly attached to the engine^ 
except that it was allowed to rotata It could have no 
motion of its own other than rotation, unless the engine had 
the same motion. In the case of a locomotive it is different 
The axle boxes are not fixed in the frame, but are connected 
to it by means of springs — the frame of the engine being 
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either suspended from springs which are supported by 
struts pressing on the axle boxes, or being in some other 
way supported by Springs pressing on the axle box. 

The axle boxes slide vertically between the horn blocks, 
the latter being firmly bolted to the frame plates, and we 
have to consider what is the effect of this arrangement 
on the engine as a whole. It is clear that the alteration in 
effect is simply in respect of vertical forces and move- 
ments, for the crank shaft is virtually a part of the frame, 
except as regards its freedom in rotational and partial 
freedom in vertical movement, just as in the former case 
it was part of the bed plate in every respect except for 
its rotational freedom. Hence our previous investigation 
holds good for horizontal forces and couples in a horizontal 
plane, as we have treated it in respect of the engine as 
a whole considered as a rigid body. The crank shaft, 
however, cannot be considered as forming a rigid body 
with the engine in respect of vertical forces, so that we 
have now to consider the efiect of mutual vertical forces 
between these two separate bodies. For instance, if the net 
upward force on the crank shaft due to centrifugal force, 
and the upward component of the thrust in the connecting 
rod and other forces, is at any time greater than that part 
of the weight of the engine transmitted through the struts, 
together with the weight of the shaft and wheels, then one 
or both driving wheels will be lifted off the rails indepen- 
dently of the rest of the engine ; or if the resultant couple in 
plane 2 due to these forces is at any time greater than the 
passive couple due to the dead weight, which latter tends to 
keep the crank shaft and wheels in their normal position, then 
one or other wheel will be lifted off the rails independently 
of the rest of the engine, and produce a real "hammer 
blow " on the rails at that part of the revolution when this 
state of things ceases. In order to investigate these effects, 
we have to consider solely the vertical components of the 
forces on the crank shaft, entirely neglecting the horizontal 
ones. These are as follow : — 
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(1) Downirard force due to thmat in the Btrats trans- 
mitted to the shaft through the axle boxes, together with 
the weight of shaft and wheela 

(2) Vertical oomponents of centrifugal forces due to 
balance weights, the equivalent weights being, as before, 
considered as acting in the central planes of the cylinders. 

(3) Vertical components of centrifugal force due to rota- 
tion of cranks and pins. 

(4) Vertical oomponents of total stress in connecting rod. 

(5) Vertical components of those parts of the inertia 
forces due to the rojds themselves which act at the respec- 
tive crank pins, together with those of the comi>onent forces 
of the couples which produce angular acceleration of the 
rods. 

The resultant of all these forces is opposed and balanced 
under normal conditions by 

(6) FresBures between wheel and rails. 

The method of obtaining curves (1) — (3) will be obvious 
from what has been already said. A separate curve is 
obtained for each cylinder. To obtain curve (4), a total force 
card is found from the given indicator card by subtracting 
the corresponding back pressure and multiplying by the area 
of piston. This card is then corrected for inertia of piston, 
jTod, and crosshead [but not the connecting rod, as that is 
separately considered in curve (5)]. The resulting curve is 
given on the base of curve (4). From this curve the vertical 
component of connecting-rod stress is obtained and plotted, 
producing curves 1, 2, on base 4. 

Curve (5) is obtained by finding the total inertia force due 
to the connecting rod by applying the principle of fig. 56. 
It will be found that the force component of the couple 
necessary to produce the angular acceleration of the rod is 
insignificant compared to the other forces in play. 

It is clear that, since the rod is only connected to the rest 
of the engine by the crosshead pin and crank pin, this total 
inertia force must be counteracted by two forces acting 
through the centres of these pins. Now, since the centre of 
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Fig. 86.— Curves showing the forces on the crank shaft of a locomotive. 
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gravity of the rod is a point fixed in the rod, the total force 
will be divided between the pins in a ratio inversely as the 
distances of the respective pins from the centre of gravity ; 
therefore the force at the crank pin, due to the rod, is given by 
total inertia force due to connecting rod 

distance of centre of crowshftad pin to cftntre of gravity 
^ length of rod centre to centre 

The vertical component of this force is the value plotted 
in curve (5), each curve referring to one rod. In order to 
make the meaning of each of these curves clear, a small view 
of the crank shaft is given opposite each base, and position 3 
being throughout taken as the example, each of the forces is 
shown in its proper position. 

Curve A in the large front view of the crank shaft shows 
the magnitude and line of action of the vertical resultants of 
all the forces given in curves (1)— (5). Curves B, C will be 
shortly explained. They are obtained by finding twelve 
points on each of them, in the following manner : Again 
take position 3 as the example. It will be seen that 
each of the forces shown in curves (2) to (5) act in the 
central planes of the respective cylinders, and the dotted 
curve on base (6) shows the aggregate vertical forces on 
the respective crank pins. Now, in order to obtain point 
As, for instance, the resultant of the two forces shown 
dotted, and a force equal to six tons acting at the centre of 
the shaft, is obtained by the link polygon method, and a^ A3 
is the result, which therefore represents the resultant 
vertical force acting on the shaft in position 3. If this 
resultant at any time acts upwards, the consequence will be 
that both wheels will lift off the rails. If at any time it acts 
downwards, but outside either wheel, then the other wheel 
will lift off the rails. 

It is obvious that each of the forces given in curves (2), (3), 
and (5) is proportional to the square of the speed, and they are 
therefore proportional to one another. Forces (4), w^ich do 
not vary as the square of the speed, are small. Therefore it 
is clear that a good idea of the effect of increasing the speed 
will be obtained by finding the result of diminishing the 



RELATIVE MOTION OF ENGINE AND CRANK SHAFT. 193 

forces (1) inversely as the sqnare of the speed, and altering 
the scale to suit. Thns, if we wish to know in a general 
way what will be the effect of doubling the speed, we can 
do so by dividing forces (1) by 4, and finding the result 

Curve A is drawn for a dead weight on each wheel of three 
tons, and for a speed of 500 revolutions per minute, not 
because that would be a likely speed for a locomotive to 
attain, but because it is the speed we have throughout 
considered, and it is therefore desirable^ for uniformity and 
comparison, to keep to it. Now, if this speed were increased 

/q 

to 500 X / -^ = 610, curve B will give a fairly accurate idea* 
of the effect, if the force scale is altered in the ratio of 
^; that is, by making 1 in. on the new scale represent what 

1*5 in. did on the original one. 

In the same way curve C is the result of altering the 

speed in the ratio 1 : JS ; that is, of running at 860 
revolutions per minute, corresponding to a speed of 124 
miles per hour. It will be seen that at this speed one or 
both wheels would necessarily be off the rails for about 
one-third of a revolution, even if accidental oscillations did 
not occur of sufficient magnitude to bring about this result 
(which they certainly would do) long before such a speed 
was reached. It is instructive to notice the way in which 
the curves ABC open out as the speed is increased. In 
practice, of course, accidental oscillations due to such causes 
as slight irregularities in the laying of the rails would alter 
the forces (1) to such an extent as to throw the curve outside 
the wheel at a comparatively low speed, and every time 
they did so we should have a hammer blow on the rails. 

From these curves of resultant forces on the crank 
shaft, it is easy to deduce the actual pressures between 

* One of the negative components of curves 4 (viz., the force due to inertia of 
pistons and rods) does, however, vary as the square of the speed, and this 
produces a continually increasing error as the speed is increased. 

Ud 
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either vheel and rail at any put of the stroke, either 
by the method of fig. 60, or bj calculation. These are 
plotted radially intide the dotted circle given in fig. 87, in 
such a way aa to show the simnltaneooa values of the 
pressures on either wheel, corresponding to curve U in fig. 




86 ; curve A referring to the wheel nearest to the crank pin 
of reference. 

If the greater part of the engine's life were spent in 
running at the standard speed, and if the wear of the tyres 
at any point be proportional to the pressureB between wheel 



/ 
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and rails at that point, these curves will give in an exagge- 
rated form the profile of a pair of mnch^worn wheel tyres. 
The hatched area then shows the amount of wear of the 
original tyre of one wheel. Bat it is probable that even in 
this case the wear, as shown by this profile, will differ con- 
siderably from that of an actual wheel, because a great 
amount of wear will take place at those parts of the wheel 
on which in general the wheel skids most — ^that is, the part 
of the wheel which is on the rail at the time when a large 
twisting moment on the shaft is combined with a small 
pressure by the wheels on the rails. One such part will 
clearly be that which is shown in fig. 87 to be least worn 
(viz., positions 4 — 6), so that the tendency to skid to some 
extent equalises the wear of the wheels. The figures on the 
outer circle show the points of the tyres of the wheel which 
are on the rails at the corresponding point of the revolution 
of the crank pin. The order of these points, of course, 
is in the opposite direction to that in which the wheel 
revolves. 

Equilibrium of Internal Forces and Stresses in a 
Locomotive — " D'Alembert's Principle." 

In discussing the forces acting on a crank shaft of a 
locomotive, we took the pressure on the struts as constant. 
It is, however, clear that if the body of the engine is by 
any means lifted or depressed during working, this pressure 
will not be constant, on account of the elasticity of the 
springs. Or, if the engine rocks laterally, though the total 
pressure on the two struts may remain the same, the 
distribution of it on the two sides will be altered in such a 
way as to vitiate the results shown in fig. 86 by altering 
the downward pressures given on curve 1. We shaU, 
therefore, briefly consider the lateral rocking of loco- 
motives, due to couples arising from the varying stresses in 
and inclinations of the connecting rods. 

Now, there may be accidental disturbances of this nature 
of which we cannot possibly take count, such as, for 
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instance, those dne to irregularities in the laying of the 
rails, or to accidental synchronisation at a particular speed 
of disturbing and periodically recurring couples or forces 
with the corresponding natural period of oscillation of the 
engine, such as would produce by their cumulative effect 
oscillations of dangerous amplitude. But there are also 
regular periodic disturbances, due to the action of the 
mechanism, which, as they form a valuable illustration of 
the meaning of the term " rigid body,'' and as a knowledge 
of them is necessary to the exact comprehension of the 
working of a locomotive, we shall now discuss. 

Imagine, first, that the axle boxes are fixed relatively to 
the horn blocks by fastening the struts in their guides, and 
that the crank shaft is blocked so that it cannot rotate. 
Consider what will be the static efiect of admitting steam to 
the front of the cylinder, the "front" referring to the 
forward part of the engine. It will obviously be to produce 
a forward force on the cylinder—that is, a force in the 
direction in which the engine travels— and a backward one 
on the piston. 

The forward force on the cylinders is at once transmitted to 
the frame plates through the cylinder bolts. The backward 
force on the pistons is transmitted through the connecting 
rods to the crank shaft, and thence to the frame plates. The 
two equal and opposite forces in the frame plates neutralise 
one another, producing in so doing a tensile stress in those 
plates. 

Now, it is obvious that precisely the same state of stress 
would have been induced in the engine if we had assumed 
that the stress had originated in a tendency to expand the 
connecting rod itself, instead, as is actually the case, of the 
steam in the cylinder. In the former case the steam in the 
cylinder would merely act as a strut in transmitting 
the stress in the rod to the back of the cylinder. 

Now consider the connecting rods. They are in a state of 
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compressive stress, the force in each of them being greater 
than the force in the corresponding piston rod in a ratio 

__J 

" cosine of angle of inclination* 
Suppose one rod is inclined upwards, fig. 88. The cross- 
head end of this rod tends to force the crosshead downwards 
with a force P as well as horizontally forwards with force R^ 
this latter being in reality the reaction due to pressure on 
the piston, while the crank-pin end of the rod forces 
the crank pin upwards with a force equal to the 
downward force at the crosshead end P, and also horizon- 
tally backwards with a force S equal to the backward 
force on the piston - R. Now, it might be thought at 
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first sight that the two equal and opposite vertical com- 
ponents P, Q, acting on the frame plates at the two ends of 
the rod, would produce a couple P Q, tending to tilt the 
engine forwards. Bat it must not be forgotten that the two 
equal and opposite horizontal components acting on the 
frame are not in the same straight line, and therefore 
produce a contrary couple R S, and it will be found on 
examination that these two couples exactly baJance one 
another — that is, one is right-handed and the other left- 
handed, and their moments are equal, and that, therefore, 
any stress in the connecting rod produces no couple on the 
engine as a whole. Similarly, equilibrium of forces and 
couples will be found to subsist whatever complicated state 
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of stress is assumed in the locomotiva For instance, suppose 
that certain simultaneous stresses in the connecting rods 
produce a couple on the crank shaft in a transverse vertical 
plane, which, if the latter were independent of the rest of the 
engine, would tend to tilt one of the wheels off the rails. 
The crank shaft not being free to move, this couple is 
immediately transmitted to the engine itself through the 
struts which are rigidly fixed to the frame, existing in those 
struts as an increased vertical stress in one and a diminished 
one in the other. Now, the principle under discussion is this : 
The connecting-rod stresses, in addition to producing a couple 
on the crank shaft, also produce an opposite and precisely 
equal couple on the engine itself, originating in the 
first place in the transverse vertical plane through the 
crossheads. If the engine is perfectly rigid, these two equal 
and opposite couples will instantaneously neutralise one 
another in the engine itself, producing, in so doing, a 
twisting stress in the engine between the vertical transverse 
planes passing through the crank shaft and the crossheads 
respectively. It is the assumed rigidity of the body which 
causes the transmission of stress to be instantaneous. In 
fact, a rigid body might almost be defined as one which 
transmits stress instantaneously. Hence we see that if the 
crank shaft were rigid with the engine no stresses in the 
connecting rods could alter the pressures between driving 
wheels and rails, because any such action that might be 
produced on the crank shaft would be instantaneously 
neutralised by a readjustment of pressures in the struts, 
such a readjustment being the efiect of the opposing couple 
transmitted through the engine from the crossheads. 

Now consider the forces and afterwards the couples due 
to stresses in the rods when the rigid connection between 
the axle boxes and horn blocks is done away with, the 
engine being, as usual, supported on springs, but the wheels 
being still prevented from rotating. When steam is admitted 
to the cylinders, the tendency of the resulting compression 
in the rods is, as before, to force the crossheads forward and 
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the crank shaft backwards, these tendencies being, after 
transmission through the steam in the cylinder, as before, 
exactly neutralised by the horizontal stress in the frame 
plates, that stress being precisely equal to that subsisting 
in the first case. With the vertical forces, however, it is 
different The crosshead is, as before, forced downwards 
and the crank pin upwards, this latter force, however, not 
being sufficient to lift the driving wheels off the rails. The 
result will therefore be that the engine frame is forced 
downwards relatively to the crank shaft. Now, the engine 
frame, being free to move vertically, will respond to this 
downward force, and will in so doing further compress the 
springs on which it rests until all the springs together 
are bearing not only the weight of the frame, &q., but also 
this additional downward force. This net addition to the 
weight on the springs does not affect the total pressure on 
the rails. It is caused, of course, by the vertical component 
of the connecting-rod stress. This component presses the 
engine down exactly as hard as it presses the crank shaft 
up, and so on the whole is without effect on the total 
pressure on the rails. ^If all the pairs of wheels were 
on separate weighing machines, the result would be 
found to be that, while weight was taken off the driving 
wheels, the load on the other pairs of wheels was increased 
in such a way tbat the total weight on all the rails is 
constant, and has a constant moment about any point. At 
the same time there is additional stress in the struts which 
press on the driving-axle boxes. This equilibrium cannot 
be established, nor can additional stresses come on the 
struts until the springs are sufficiently compressed by 
a downward displacement of the frame relatively to the 
crankshaft. When this displacement has taken place and 
equilibrium under the new conditions has been established, 
the whole engine again becomes a virtually rigid body, and 
subject to all the laws of rigid bodies, until that system of 
forces is again altered, when it again assumes a new position 
of equilibrium. Now, it is obvious that since the mass of 
the frame, boiler, &c,y is very large, this displacement 
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requires time to develop itself. The relative vertical force 
produces an immediate acceleration of the frame, which, 
since the force is comparatively small and the mass large, 
will be a small one, and as the displacement increases the 
continually-increasing force in the springs will make the 
acceleration smaller and smaller until it vanishes, when 
equilibrium has been established. However, equilibrium 
will ultimately be established if time enough is allotoed. 
But if the force on the piston be released or reversed before 
the displacement has had time to develop, it is clear that no 
additional force will come on the driving-axle struts due 
to the stress in the rod, and it is precisely this which we 
have assumed in taking the load on the struts as constant. 
The assumption is that the speed is so high that before 
a displacement can take place the force producing the 
acceleration is reversed. 

We have considered the vertical forces only, as being 
easier to understand, but the explanation is exactly similar 
in relation to the couples. Suppose that, owing to stresses 
in the two connecting rods, there is produced a couple on the 
frame in plane 2 — that is, tending Jtx> overturn the engine 
sideways about a horizontal fore-and-aft axis, which, if the 
engine were a rigid body, would by transmission immediately 
counteract the couple produced on the crank shaft as far as 
the effect on the engine as a whole is concerned. The couple 
produces an angular acceleration of the frame relative to the 
crank shaft, which, if allowed time to develop, would produce 
an angular displacement of sufficient magnitude to affect 
our results by altering the relative pressures on the two 
struts ; but, owing to the great moment of inertia of the 
engine about a horizontal fore-and-aft axis, the time 
required is so long that no appreciable displacement does 
take place in the short time during which the Angular 
acceleration is allowed to act. When the speed is low this 
is not the case — that is, an appreciable angular displacement 
does take place, as will be apparent to anyone watching a 
slowly approaching locomotive from the front, when the 
oscillation due to this cause is plainly apparent. 



GENERAL REMARKS ON BALANCING. 201 



CHAPTER XV. 

(General Remarks on Balancing. 

. The student will now be in a position to understand the 
following remarks, which sum up the whole problem of 
balancing. 

If in any system composed of two or more bodies at 
rest, whether connected together in any way or not, the 
system as a whole being perfectly free to move in any 
direction, there is introduced a relative motion between 
any or all such parts by means of a mutual force acting 
between them, but without any force of whatever kind 
acting from outside on any part of the system, then the 
centre of gravity of the whole system will remain at rest ; 
that is to say, the momentum of any part of the system will 
at any instant be precisely equal and opposite to that of the 
whole of the rest of the system. 

If one of the parts of the system be constrained by any 
kind of fastenings, by gravity, or by means of any passive 
forces such as friction, or by any other constraints what- 
ever, then those constraints will experience a stress 
equivalent numerically to the rate in pounds-feet per 
second every second at which they destroy the momentum 
which would be generated in that part of the system by the 
mutual force if the constraints did not exist. In other 
words, the stress experienced by the constraint at any 
instant is a reactionary force of such magnitude as is 
required to communicate to the centre of gravity of the 
system as a whole the actual acceleration which that point 
has at the given instant, due to the absolute motion of the 
various parts of the system, and their geometrical connection 
with the centre of gravity. 

Such a force as this is what is known as the unbalanced 
force in a working engine. For instance, if, acting on an 
engibe fixed on foundations, running at 500 revolutions, and 
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weighing altogether 3 tons, sappose, there is at any instant 
an nnbalanoed force of 10,000 lb. in any direction, which, to 
fix oar ideas, we shall imagine acting vertically upwards ; 
this is a sign that at that instant the centre of gravity of 
the engine as a whole is moving with an acceleration whose 
direction is vertically downwards and of magnitude 

3^x^^0 ^^ ^^ «»«mm1 per second, 

this acceleration being due to the relative motion of the 
parts of the engine. Observe that this statement does not 
imply anything about the velocity of the centre of gravity, 
but only its acceleration. In thinking of this action the 
student must keep clearly in his mind the distinction between 
the forces acting from outside on the engine, and the equal 
and opposite forces exerted by the engine on the fastenings ; 
that is to say, the engine must be mentally isolated from the 
foundations, and the weight of the engine (that is, the force 
on it due to the pull of gravity) be pictured as a separate 
force acting on it from outside. Likewise the passive 
upward supportiog pressure of the foundations on it, which* 
when the engine is at rest, exactly balances this down- 
ward gravity force, must also be mentally pictured as a 
perfectly distinct and separate force of definite, though 
variable, magnitude. Now, in the example just quoted, 
what we have is this — the resultant of the whole of the forces 
acting on the engine /rom outside acts vertically downwards^ 
and is of magnitude 10,0001b. weight. The components of 
this 10,000 lb. are— 

(1) Weight of engine and all its parts (downwards). 

(2) Upward supporting pressure of the foundations. 

(3) Tension in the foundation bolts. 

These are absolutely the only forces acting from outside 
on the engine. The inertia forces do not act from outside 
in this sense. These are separately taken account of by 
substituting for them a motion of the centre of gravity of 
the engine as a whole. This motion generates the "action," 
while the outside acting forces are the ** reaction." 
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In order to make this point quite clear, we shall briefly 
consider a simple illustration. Suppose an engine whose 
weight is Mlb. has its connecting rod taken off, and its 
crank shaft set rotating at a high rate of speed w. Let the 
weight of the crank shaft be m lb. Let Gb, fig. 89, be the 
centre of gravity of the bed plate, and the circle Qtc Ge be the 
path of the centre of gravity of the crank shaft 
Let the force due to rotation of the cranks be /lb.; 
f is therefore the magnitude of the resultant force of con- 
straint on the engine as a whole. Oar principle is that 



%— 








Fig. S9. 



because this force of constraint is /lb., the acceleration of 
the centre of gravity G of the whole engine with crank 



shaft must be 



/ X r/ ft. 



in direction G G, parallel to 



(M + m) sec. 2 

Ge Gc. As this acceleration is of constant magnitude, and 
its direction rotates uniformly, it is clear that, if the theory 
is correct, the centre of gravity of the whole engine 
must describe a circle with the same angular velocity 
as the point P does. From the geometry of the 
figure it is obvious that the point G does so, the ratio 

of the two radii being — -^^ • If this engine, so working, 

m + yi 
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• ^ 

were floating in mid-space, so as to be perfectly free to move» 
the point G would remain at rest, the engine itself moving 
in such a way as to allow of this. 

These considerations show that it is possible to deduce 
the force curve as given in fig. 56 from a curve showing the 
path of the centre of gravity of the whole engine, or vice 
versd. The processes are complicated and difficult to under- 
stand, involving several operations of graphical differentia- 
tion and integration. They are not so accurate as those 
previously given. 

Thus far we have been considering the equilibrium of the 
centre of gravity of the engine as a whole, and have shown 
that it is the outside acting forces which produce acceleration 
of that point, and that the lag force of that point forms a 
complete balance to all external forces. We might, if we 
had wished, have taken (instead of the separate engine) the 
engine and foundations together, when the results would 
have been similar ; or, for the matter of that, we might have 
considered the engine and the whole earth. In this latter 
case it is the centre of gravity of the engine -i- whole earth 
that remains at rest. All these different ways of regarding 
the problem are entirely consistent with one another, and 
with the general theory laid down above. Again, we might 
have taken the bed plate of the engine apart from the moving 
parts. In this case any action, of whatever kind, due to the 
presence of the moving parts, must be considered an outside 
force with respect to the bed plate. The bed plate is at rest ; 
therefore all the outside forces on it exactly balance que 
another, there being no lag force such as we had to consider 
in the case of the whole engine. 

The general theory of unbalanced couples is very similar. 

In every solid body there are three lines, mutually per- 
pendicular, and all passing through the centre of gravity, 
which are such that the body will spin round on any one of 
them as axis, without producing either a force or a couple. 
There may be more than three such lines if the shape of the 
body observes certain rules as to symmetry, but there are 
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always at least three. If the body is spun round any line 
passing through the centre of gravity, there will be no 
resultant centrifugal force produced on it, but in general 
there will be a couple acting on the axis. 

Thus, if a straight rod A B, fig. 90, is spun round the axis 
y py it is obvious that there will be a couple P Q tending 
to set the rod in the line x x. There will be no such couple 



tf 
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if the line ^^ is perpendicular to the rod. These three 
lines are called principal axes of the body. 

When a double engine is working it is clear that the 
direction of these principal axes will alter for each position 
of the moving parts. 

If such a working engine were floating in mid-space, 
the result would be that the engine itself would move 
in such a way that the principal axes would remain at rest, 
wherever they might happen to lie in relation to the engine 
itself. 
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These lines cannot be angularly displaced without some 
outside couple acting on the engine. 

If one part of the engine — the bed plate — be either fastened 
down by bolts, or in some other way constrained to remain 
at rest, then the resultant couple which must act on the 
engine due to the fastenings — or, in other words, the 
redultant couple which the engine will exert on the con- 
straints in any principal plane — is numerically equal to the 
product of the angular acceleration of the two axes in that 
plane with the moment of inertia of the engine at that 
instant about the other axis. This theorem cannot be fully 
worked out here, but it brings out very clearly a further 
analogy between linear and angular motions. 
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